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	ABSTRACT  
INJECTABLE GELS WITH POTENTIAL USE IN ENDODONTICS  
 
 
Maksim Montatskiy, DMD, MS 
 
Marquette University, 2019 
 
 
Objective: To formulate a thermoreversible hydrogel using methyl-cellulose, carbon dots 
and inorganic salts to achieve physiologically compatible gelation temperature; to test 
cytotoxic effects of formulation against dental pulp stem cells.  
Materials/Methods:  A 5% w/v methylcellulose (MC) solution was prepared and equal 
volumes of NaCl aqueous solution were added to make various sodium chloride salt 
concentrations and reach the final MC concentration of 2.5%. Samples were analyzed 
using a shear rheometer to monitor complex shear viscosity as a function of temperature 
to arrive at onset gelation temperature closest to targeted temperature. Carbon dots were 
synthesized by thermal method using ammonium citrate as nitrogen precursor. Dental 
pulp stem cells were isolated from extracted third molars and cultured under standard 
aseptic conditions.  Cells were seeded onto well plates containing optimized hydrogels 
and cell proliferations were monitored at 1, 2, 5 and 14 days.  Cytotoxicity of the samples 
was tested against a positive control (UltraCal Calcium Hydroxide) and a negative 
control (cells with no gel). 
 
Results: The optimal gelation temperature (30-37 °C) was achieved by using 2.5% 
methylcellulose, 8.0% sodium chloride and 5 ug/mL carbon dots. The gelation 
temperature was found to be significantly affected by the salt concentration and slightly 
affected by concentration of carbon dots. The gelation temperature was inversely 
proportional to the NaCl concentration. Cytotoxicity testing of hydrogels revealed 
adequate proliferation of dental pulp stem cells when compared to values produced by 
calcium hydroxide, indicating a level of biocompatibility conducive to proliferation of 
these cells. 
 
Conclusion: Cellulose-based hydrogels incorporating carbon dots can be considered as a 
potential formulation for use as a scaffold during regenerative endodontic procedure. This 
study utilizes a simple, inexpensive approach to fabricate such an injectable non-
cytotoxic gel. However, antibacterial effect of the gel needs to be evaluated and is the 
subject of our future studies. 
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CHAPTER 1 
 
INTRODUCTION 
 
The field of endodontics and the success of endodontic procedures both heavily 
rely on effective chemo-mechanical debridement and disinfection of the contaminated 
root canal system (1).  While the mechanical debridement involves removal of 
tissue/debris and enlargement of the canal with endodontic instrumentation (files), the 
chemical debridement relies heavily on irrigants and intra-canal medicaments (2).  
Current endodontic irrigation and intra-canal medications (such as 5.25% sodium 
hypochlorite and calcium hydroxide) used in endodontics do not provide adequate and 
complete bacterial eradication during endodontic treatments (2). It has been suggested 
that both sodium hypochlorite and calcium hydroxide are irritating and cytotoxic to 
dental and periodontal tissues if these materials reach beyond the confines of pulp canal 
space (8). A new material and method for disinfection is desirable. 
This present study attempted to formulate a simple, inexpensive hydrogel material 
combined with carbon dot nanoparticles, which may provide a more biocompatible 
material for disinfection.  The idea of using hydrogels as a scaffolding material has been 
recently implemented in the fields of tissue engineering (97), regenerative medicine 
(106), as well as some aspects of dentistry (96).  The use of hydrogels in endodontics has 
been limited at this point.  Carbon dots (a subclass of graphene quantum dots) are a novel 
material that was introduced in 2004 (114).  The use of this material has not been thus far 
considered for endodontic purposes.  Combining carbon dots with a hydrogel network 
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could allow a potential delivery vehicle to apply the material inside the prepared canal 
and execute the required biological functions as part of conventional or regenerative 
endodontic treatment. 
This study offers an introductory step into the use of this material for endodontic 
purposes.  The main objective was to create a gel that possessed adequate viscosity for 
injectability at low temperatures while also achieving a solid state at or close to 
physiologic body temperature. This would allow the clinician to deliver the material into 
a root canal system.  Assessment of material’s safety is imperative to its potential clinical 
use in the future.  The study evaluated biocompatibility by exposing dental pulp stem 
cells to the hydrogel material and measuring cell proliferation and survival. These 
biocompatibility measurements were also compared to those produced by a 
commercially-available calcium hydroxide formulation, UltraCal XS. 
Although the study produced encouraging results in terms of material’s 
biocompatibility, many questions remain to be answered and future studies need to take 
place to truly establish the material’s relevance to endodontics.  Although literature 
demonstrates that carbon dots have antibacterial properties (131, 132), their use against 
endodontic pathogens is yet to be evaluated.  Endodontic pathogens surviving within an 
established biofilm environment are notoriously difficult to exterminate and currently no 
material or technology exists which would completely sterilize the canal space.  
Additionally, the effects of using a cellulose-based gel needs to be further evaluated in 
terms of eroding effects on dentin, longevity of clinical action and its successful removal 
from canals in both conventional and regenerative endodontic procedures. 
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The review of present literature shows that no irrigant, medicament or other 
therapeutic agent exists for use in non-surgical endodontic therapy or regenerative 
endodontics that meets all of the desired criteria of antibacterial properties, 
biocompatibility and successful patient outcomes.  The search for such material and 
product continues and is the subject of research by many within the endodontic 
community. 
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CHAPTER 2 
REVIEW OF THE LITERATURE 
Conventional Endodontics and Irrigants 
 
Endodontics is a specialty within dentistry largely dedicated to the treatment of 
dental pulp pathology and periradicular diseases. Despite often presenting without 
symptoms, endodontic pathology is often caused by complex biofilm invasion into the 
pulp tissue, which can grow without appropriate dental treatment; as the disease process 
advances, biofilms become more resistant to treatment (3). Root canal therapy (RCT) is a 
common procedure, which is performed to remove or reduce biofilm within the canal 
space and treat tooth-borne dental infections. When performed to an acceptable standard, 
nonsurgical RCT is highly successful with success rates ranging from 88% (4) to 96% 
(5). Proper disinfection is crucial to an overall successful outcome of root canal therapy, 
since residual biofilm is known to cause most endodontic failures (3).  
Multiple major obstacles exist when it comes to achieving complete cleaning of 
the canal system. These include the complexity of the root canal system, presence of 
numerous dentinal tubules in the roots, invasion of the tubules by microorganisms, 
formation of smear layer during instrumentation and presence of dentin as a tissue (6).  
Torabinejad described properties of an ideal irrigant, which includes ability to disinfect 
and penetrate dentin and its tubules, offer long-term antibacterial effect (substantivity), 
remove the smear layer; it should also be nonantigenic, nontoxic and noncarcinogenic 
(6).  Additionally, it shouldn’t interfere with sealing ability of obturation materials, be 
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relatively inexpensive, convenient to apply, not cause tooth discoloration, be able to 
dissolve pulp tissue and inactivate endotoxins (6).  Currently, no single irrigant is able to 
accomplish all of these goals.  Instead, a combination of multiple irrigants and 
medicaments is utilized for these tasks. 
Sodium hypochlorite is the most widely used irrigant today, with concentrations 
typically ranging from 0.5% to 5.25%.  The mechanism of this irrigant essentially relies 
on the ability of free chlorine ions to dissolve vital and necrotic tissue by breaking down 
proteins into amino acids (7).  Decreasing its concentration has been shown to decrease 
the antibacterial effect, while warming the solution or increasing the volume increases the 
effectiveness.  While being highly advantageous in multiple clinical aspects, this irrigant 
is highly cytotoxic.  Its extrusion into periradicular tissues has been shown to cause 
severe injury to the patient (8).  Additionally, sodium hypochlorite has been shown to be 
unable to destroy all endodontic bacterial species (9, 10, 11, 12), is ineffective at 
removing E. faecalis from dentinal tubules (13), does not have the ability to remove 
smear layer (14) and causes unwanted dentin alteration and erosion (15, 16).  Due to all 
aforementioned disadvantages, the use of supplemental irrigation is advocated.  
Additionally, the development of a more ideal irrigant is desired. 
Chlorhexidine gluconate has been used in dentistry for over 50 years in 
preventative dentistry and periodontal therapy due to its bactericidal and bacteriostatic 
properties (17).  Its major advantages have been attributed to its broad-spectrum 
antibacterial action, substantivity (sustained action) and low toxicity (7).  This irrigant 
does have certain disadvantages. Chlorhexidine gluconate is unable to dissolve organic 
substances and necrotic tissue, remove smear layer and eradicate all bacteria (18, 19).  
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Finally, Basrani et al. have discovered and analyzed the presence of para-chloro-aniline 
precipitate, which is formed when chlorhexidine gluconate is mixed with even minute 
amounts of sodium hypochlorite (20).   It was proposed that this precipitate may not only 
be carcinogenic, but can also negatively impact the sealing abilities of endodontic sealers 
and obturation materials. 
Ethylenediamenetetraacetic acid (EDTA) has been introduced into endodontics to 
address the inability of other irrigants to remove smear layer.  Specifically, EDTA 
removes the inorganic portion of the smear layer (6). An adjunct rinse with NaOCl after a 
1-minute rinse with EDTA has been shown to effectively remove the organic portion of 
the smear layer (7).  By itself, EDTA has been shown to have little or no antibacterial 
effect (21). 
One- versus Two-Appointment Protocol and Intracanal Medicaments 
 
The topic of performing root canal therapy in one- versus two-appointment 
protocol has been a controversial topic for clinicians for many years.  The proponents of 
two-appointment procedure protocol argue that it is impossible to sufficiently lower the 
microbial load within the infected canal space to levels compatible with sufficient 
recovery.  Sjögren and Trope assessed influence of bacterial infection on the outcome of 
treatment based on culturing at the time of obturation (10, 11).  They found that canals 
with negative cultures yielded statistically significantly better outcomes compared to 
those with positive cultures (94% versus 68%) at 5 years. As a result, they concluded that 
canals “cannot be reliably achieved in a one-visit treatment because it is not possible to 
eradicate all infection from the root canal without the support of an inter-appointment 
antimicrobial dressing.”  A study by Nair arrived at similar conclusions (22), after finding 
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that the complexity of root canal anatomical systems (particularly in mandibular first 
molars) and organization of bacterial biofilms in inaccessible areas does not allow for 
adequate disinfection of contaminated root canal spaces.  On the other hand, many high 
level studies find no difference in the long-term outcomes of root canal therapy whether a 
single or multiple appointment protocol is used and regardless of the preoperative 
diagnosis (23, 24). 
When a two-appointment treatment approach is utilized, regardless of the reason, 
a variety of intracanal medicaments have been available to clinicians.  A number of 
studies have shown that the use of intracanal medicaments help disinfect the canal system 
between appointments and reduce interappointment pain (6).  Medicaments that have 
been used in the past include: camphorated monochlorophenol, cresatin, aldehydes such 
as formocresol and glutaraldehyde, halides, antibiotic pastes and chlorhexidine gels.  
However, the medicament that is used most widely today is calcium hydroxide 
(Ca(OH)2).  Its main benefits and advantages are largely attributed to its antibacterial 
effect (25).  Ca(OH)2 has a highly alkaline pH, which facilitates inhibition of microbial 
growth in canals, dissolves necrotic tissue remnants, bacteria and its byproducts (25, 26).  
The medicament is available as powder or pre-mixed paste, is relatively easy to handle 
clinically and can be easily removed from the canal space using irrigation.  Its biggest 
beneficial property, the cytotoxic effect on bacterial cells, is also its major drawback, as 
the material is highly cytotoxic to human cells if extruded into periapical tissues (27). 
Regenerative Endodontics 
 
Regenerative endodontics is a field of endodontics that has recently attracted a lot 
of attention in the clinical and research communities.  It is typically performed in cases of 
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pulpal necrosis, typically in younger patients where root apices have not completely 
closed or matured (28).  The American Association of Endodontics (AAE) provides 
specific requirements when it comes to case selection for regenerative procedures.  These 
requirements include a tooth with necrotic pulp and an immature apex, pulp space not 
needed for post and core in final restoration, compliant patient and parent as well as 
suitable medical history (no allergies to medicaments and/or antibiotics that are necessary 
for treatment) (28).  Prior to introduction of regenerative treatment protocol, such cases 
were handled by performing apexification procedure, where, after proper disinfection, the 
apical stop of the preparation was artificially created by placing an apical MTA or 
calcium hydroxide barrier followed by backfilling the remainder of the canal space with 
sealer and gutta percha.  This approach presents multiple treatment challenges for the 
clinician and negative prognostic factors for the patient.  Not only is the large, immature 
canal system difficult to instrument and debride adequately, the biggest challenge of this 
approach is that it does not allow for further root apex development or for thickening of 
the root walls.  Both of these challenges make the tooth predisposed to fracturing at some 
point during the tooth’s lifetime (28).  Maintenance of natural dentition is particularly 
important, due to restorative challenges in younger patients.  For example, implant 
placement is contraindicated in younger patients where jaw growth has not been 
completed.  The field of regenerative endodontics attempts to overcome these challenges 
by utilizing dental pulp stem cells and stem cells of apical papilla (41).  Hargreaves 
compared revascularization/regeneration to MTA apexification and CaOH apexification 
in terms of survival and root width development.  It was found that not only the 
development of root width was improved in the revascularization group, but also survival 
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of both revascularization and MTA apexification was higher than that of CaOH 
apexification (30). 
Murray et al. has defined regenerative endodontic therapy as “biologically based 
procedures designed to replace damaged structures, including dentin and root structures, 
as well as cells of the pulp-dentin complex” (31).  The finding that vascular blood supply 
is an absolute requirement for continued root development (32) has given rise to the idea 
of revascularization and accounts for the relatively high success of regenerative 
endodontic therapy.  Other factors that have affected the development of treatment 
protocols include understanding the cellular make up of apical tissues as well as stem cell 
research in the fields of tissue engineering. 
Law was first to define the requirements for regenerative endodontics: necrotic 
pulp, immature apex, no need for post and core restoration and parental compliance (33).  
Regenerative endodontics has been regarded as a tissue engineering procedure since it 
meets the requirements of utilizing stem cells, growth factors and a scaffold (34).  The 
scaffold and growth factors are thought to come from dentin, fibrin clot and sterilized 
pulp tissue remnants (35). 
Stem cells are either adult or embryonic cells that have a capability of continuous 
division (36).  One way to classify stem cells is based on the degree of their ability to 
divide, making cells either pluripotent or multipotent.  Adult stem cells are considered 
multipotent, meaning the cells can divide into another, more differentiated cell than itself.  
Their division capabilities, however, are limited.  In contrast, embryonic stem cells are 
considered omnipotent or pluripotent and are capable of converting into one of more than 
200 different cell types.  To date, adult stem cells extracted from human teeth include 
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dental pulpal stem cells (37), stem cells from human-exfoliated deciduous teeth (38), 
periodontal ligament stem cells (39), dental follicle progenitor stem cells (40) and stem 
cells from apical papilla (41, 42).  Growth factors are necessary to induce cellular 
proliferation and differentiation.  Growth factors that have been found within root canals 
of teeth include bone morphogenic proteins, transforming growth factor-beta and 
fibroblastic growth factor (43-45).  Regenerative endodontic procedures use growth 
factors found in dentin and platelets, which have been found to play a role in success of 
regenerative procedures (46, 47). 
This procedure is typically performed in two appointments as defined by AAE 
guidelines.  The ultimate goal of the first appointment is proper disinfection of the canal 
space.  During this appointment, after local anesthetic is administered and the patient’s 
tooth is isolated with a rubber dam, the pulp canal space is accessed and copious, gentle 
irrigation with 20mL of 1.5% sodium hypochlorite is applied, ensuring irrigant does not 
extrude into periapical tissues.  This is followed by irrigation with 20mL of EDTA with 
the irrigating needle positioned about 1mm away from root end to minimize cytotoxicity 
of apical tissues.  Canals are dried with paper points and an inter-appointment 
medicament is placed.  The commonly used dressings are calcium hydroxide and triple 
antibiotic paste.  Although the TAP is effective in reducing the microbial load within the 
canal space, it has been demonstrated that it is more challenging to remove this paste 
using conventional irrigants when compared to removal of calcium hydroxide (48).  
Additionally, the TAP is known to cause intrinsic tooth staining.  After placement of the 
dressing, tooth is temporized with cotton pellet and provisional restoration.   
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At the second appointment, patient is anesthetized with a local anesthetic not 
containing epinephrine, typically plain 3% Mepivacaine.  Reason for that is to minimize 
chance of strangulation of apical blood flow, which may result in reduced chance of pulp 
canal space infiltration by stem cells (49).  After anesthesia and proper isolation, the 
temporary restoration and cotton pellet are removed, canal space is irrigated with 17% 
EDTA in order to remove the intra-canal dressing and dried with a micro-suction tip.  
Studies also show that the use of EDTA helps with removal of smear layer and release of 
important growth factors from the dentinal tubules.  Next, bleeding is induced into the 
canal space. This is typically accomplished by using a pre-bent stainless steel hand file 
and inserting it slightly past the apical confines of the canal.  Once adequate bleeding is 
established and a clot is allowed to form, a solid barrier is placed.  The barrier material 
used is typically MTA or, more recently, a bioceramic paste material.  Once either 
material is set, the tooth is restored with appropriate restorative material.  At this point, 
the treated tooth is continually monitored at 6-month intervals in order to assess apical 
healing, as well as continued root development. 
The success of endodontic regenerative procedure has been determined to be 
largely dependent on proper disinfection of root canal space, adequate placement of 
matrix/scaffold necessary for cell differentiation and survival and proper restoration of 
coronal tooth structure (50).  The AAE defines outcome of the regenerative endodontic 
procedure as successful when the tooth in question is asymptomatic and functional; 
radiographically at 6-12 months there is resolution of periapical radiolucency, while at 
12-24 months thickening of dentinal walls and increased root length are observed. 
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There are multiple challenges that clinicians are faced with in the fields of 
conventional root canal therapy and particularly with regenerative endodontics.  A major 
challenge is the cytotoxicity of calcium hydroxide.  Although it is designed to be 
cytotoxic to bacterial cells in order to achieve proper canal disinfection, the cellular 
damage it causes to the dental pulpal stem cells and cells of the apical papilla can be 
detrimental to the successful outcome of pulpal regeneration. 
Regenerative Endodontics Challenges 
 
Current regenerative techniques and protocols rely on multiple treatment factors 
that cannot be consistently clinically confirmed.  For example, release of growth factors 
and stem cells is imperative to successful outcomes and clinicians mainly rely on action 
of irrigants, namely EDTA.  Sodium hypochlorite has been shown to affect viability of 
dental pulpal stem cells and stem cells of the apical papilla.  Action of sodium 
hypochlorite has also been shown to negatively impact the adhesion of stem cells to 
dentinal walls (51).  Additionally, the achievement of adequate bleeding into the canal 
space is not always predictable, thereby interfering with formation of a scaffold 
conducive to a successful outcome. 
It is the variability of clinical factors during treatment, unpredictability of blood 
clot formation and inability to confirm presence of required cell lineages within the canal 
space following therapy that call for development of better, more novel materials and 
techniques.  It is the hope of this project that using hydrogels with either autologous stem 
cells or other desired pharmacologic agents will drive the field of regenerative 
endodontics further and promote achievement of improved clinical results.  
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Calcium hydroxide, its issues and cytotoxicity 
 
Calcium hydroxide was introduced in 1920 (52) and has been widely used in 
endodontics as an inter-appointment intracanal medicament.   
Calcium hydroxide acts in a number of ways and has multiple beneficial 
properties.  Its main advantage is its broad antimicrobial property due to its highly basic 
pH between 11 and 12 (53).  Due to this highly alkaline pH, most bacterial 
endopathogens are eliminated within a short period of time when in direct contact with 
calcium hydroxide (54).  It has also been shown to reduce the cytotoxic response to 
lipopolysaccharide (LPS) by destroying its lipid A moiety (55) as well as being able to 
dissolve tissue remaining after root canal instrumentation (56).   
The main mechanism of calcium hydroxide’s action is by release of hydroxyl ions 
in an aqueous environment (56).  These ions are highly reactive free radical molecules, 
which destroy bacterial species through cytoplasmic membrane damage, protein 
denaturation and bacterial DNA damage (57).  The hydroxyl ion release is responsible for 
the material’s highly alkaline pH.  Currently within endodontics the topic of use of 
calcium hydroxide as an inter-appointment medicament is controversial.  As discussed in 
previous sections, studies have found that a multi-appointment protocol to root canal 
disinfection yields a root canal system with lower bacterial counts (2), while other studies 
have found no significant difference in outcome between one- versus two-appointment 
therapy (58).  Regardless of treatment protocol, no treatment modality or irrigation 
combination currently exists that would produce a completely sterile canal system.  The 
study by Vera (2) found that although presence of calcium hydroxide significantly 
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reduced bacterial counts within the main canal spaces, certain bacterial species were still 
found within isthmuses and anastomoses.  
Like many other materials used in endodontics and in dentistry overall, calcium 
hydroxide has a number of shortcomings.  Due to the fact that calcium hydroxide is only 
effective when it is in direct contact with necrotic tissue (54), it is recommended that 
calcium hydroxide be placed in the canal by use of a lentulo paste filler or by direct 
injection from a sterile packaging.  Due to its aqueous nature, the risk of extrusion into 
periapical tissues is possible. Several studies and case reports have found that severe 
extrusions can result in deleterious effects to host tissues. Such effects include and are not 
limited to tissue necrosis and paresthesia (59).  When it comes to disinfection of the root 
canal system, no medicament, irrigant or treatment adjunct has been shown to produce a 
completely sterile canal space.  Multiple studies have shown that E. faecalis, an organism 
frequently isolated from failed root canals, is extremely resistant to medications including 
calcium hydroxide (57, 60, 61). 
Although used widely and generally accepted within the clinical community, 
many studies have been performed which negate or even refute the therapeutic efficacy 
of calcium hydroxide.  A review by Kim of existing in vitro studies show a variety of 
data and outcomes when it comes to effectiveness of calcium hydroxide (62).  In this 
review Kim discusses studies performed utilizing antimicrobial susceptibility studies, as 
well as infected dentin studies using both bovine and human teeth models.  While 
multiple studies support calcium hydroxide’s effectiveness when exposed to bacteria by 
direct contact (63-69), many studies have questioned its affinity for certain bacteria and 
inefficiency against Enterococcus faecalis, a notorious endodontic pathogen.  Pavelic et 
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al. investigated the effect of Ca(OH)2 against bacteria utilizing an agar diffusion method. 
(70).  They found that Ca(OH)2 effectively inhibited the growth of all three microbes in 
question after 24 hours of exposure. However, there was a difference in the sensitivity of 
each microorganism, with Streptococcus mutans being the most sensitive and E. faecalis 
being the least. In others, such as studies by Podbielski et al. and Ferreira et al., Ca(OH)2 
was able to kill most experimental strains, but was least effective against E. faecalis (71, 
72).  Multiple authors have brought calcium hydroxide’s effectiveness into question 
altogether. Ohara et al. studied antimicrobial effect of multiple irrigants and medicaments 
and found calcium hydroxide to be as effective as saline (73).  Others have compared 
effects of calcium hydroxide to other intracanal medicaments. Adl et al. found that 
compared to triple antibiotic paste, Ca(OH)2 exhibited the smallest inhibition zones 
against E. faecalis (74).  Multiple studies by Basrani et al., Lin et al. and Ballal et al. all 
compared calcium hydroxide effects to those of chlorhexidine gel.  All of them found that 
chlorhexidine gel was more effective against E. faecalis and Candida albicans (75, 76, 
77). 
Haapasalo and Orstavik were among the first to develop an in vitro dentinal 
tubule model to study infection of root canal.  When different medicaments were applied 
to extracted bovine incisor samples infected with E. faecalis, it was found that liquid 
CMCP was able to rapidly and completely disinfect the infected dentinal tubules, while 
calcium hydroxide failed to do so even superficially (78).  Those that attempted to use the 
same or slightly modified model for studying infection status within variable depth of 
tubules have produced controversial results.  Siquiera and Uzeda found that calcium 
hydroxide could not eradicate E. faecalis or Fusobacterium nucleatum after one week of 
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exposure (61).  Many other authors have supported this finding of limited and weak 
inhibition of microbes by Ca(OH)2 in bovine dentine models (79-81).  At the same time, 
a plethora of studies exist which supports the antimicrobial nature of calcium hydroxide 
in bovine teeth. Fuss et al. found Ca(OH)2 to reduce bacterial survival in dentinal tubules 
up to a depth of 300 µm (82), while studies by Siqueira et al. and Zehnder et al. 
concluded that Ca(OH)2 was effective against both C. albicans and E. faecalis after 7 
days (83, 84).  Nerwich attributed this resistance of E. faecalis to calcium hydroxide to 
the fact that the dentinal hydrated layer of hydroxyapatite provides a buffering capacity to 
alkaline substances and provides protons to the local environment within the tubular 
structure (53).  Others have suggested that it is the mechanical ability of bacterial 
overgrowth that is able to physically plug dentinal tubules, preventing calcium hydroxide 
from entering the infected tubules (57). 
Significantly more studies have been using extracted human teeth models 
compared to bovine studies and the conclusions from these studies have been 
controversial as well. Tanriverdi et al. found that the effectiveness of Ca(OH)2 against E. 
faecalis was inferior to that of parachlorophenol and camphorated parachlorophenol (85).  
However, a significant reduction of microorganisms was observed for all three groups.  
Delgado et al., Harrison et al., Kandaswamy et al., and Madhubala et al. reported 75%, 
83%, 55%, and 59% of bacterial reduction, respectively (86-89). 
When examining results of presented studies, it is important to consider the 
variability of methods and materials utilized in different studies, as well the difficulty to 
simulate a clinically relevant environment in an experimental laboratory setting.  With its 
widespread popularity among clinicians worldwide, calcium hydroxide has proven to be 
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an effective, convenient medicament in situations where a two-step treatment approach is 
indicated.  Despite these beneficial effects, it is important to consider its limitations and 
use the existing knowledge to make an improvement effort and develop newer, more 
effective vehicles for medication delivery. 
Tissue Engineering, Scaffolds and Hydrogels 
 
The goals of tissue engineering include providing the affected diseased tissue with 
the ability to restore, maintain or improve its function.  In various fields of medicine this 
is typically achieved with the use of scaffolds, which provides a 3-dimensional network 
for cells and tissues to organize and integrate (90).  In order to be considered a successful 
and effective scaffold, the material needs to be biocompatible, biodegradable, have 
mechanical properties consistent with the site of implantation, have structural ability to 
maintain 3-dimensional shape while allowing adequate nutrient diffusion and be cost 
effective to be commercially viable (90).  Scaffolds provide support for cell organization, 
proliferation, differentiation and vascularization (91).  As discussed in the above 
paragraphs, regenerative endodontic procedures currently utilize the tooth’s dentin and 
blood clot as a scaffold in the root canal (92).  Multiple authors have discussed the use of 
protein-rich-plasma (PRP) for use as a scaffold in these cases (93).  Other scaffolds that 
have been considered include natural scaffolds such as collagen, hyaluronic acid, 
chitosan and chitin, as well as synthetic ones such as polycaprolactone, polylactic acid, 
polyglycolic acid, tricalcium phosphate, hydroxyapatite (94, 95).  Galler has investigated 
use of enzyme-cleavable hydrogel made from self-assembling peptide nanofibers to 
encapsulate dental pulp stem cells (96). 
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Hydrogels are networks of hydrophilic polymer chains.  A process of polymer 
crosslinking within the gel produces a three-dimensional solid that maintains its integrity 
even in a high concentration of water.  These materials are highly absorbent and possess a 
high degree of flexibility.  Hydrogels have been utilized for many applications, including 
scaffold fabrication in tissue engineering (97), cell culturing (98), drug delivery systems 
(119), as well as environmental and industrial uses, amongst others.   
Many various types of materials exist for preparation of hydrogel scaffolds. These 
can be broadly classified as chemically cross-linked hydrogels, physical hydrogels, 
nanocomposite hydrogels (90).  One of the polymers of natural origin is cellulose.  
Cellulose is the most abundant polysaccharide molecule. Its combined hydrophilicity and 
good degradability have been shown to be due to the numerous hydroxyl groups that 
interact by hydrogen bonds preferentially with water (amorphous domains) or with 
hydroxyl groups of adjacent polymer chains (crystalline domains) (99).  The synthesis of 
cellulose-based hydrogels generally consists of the dissolving of cellulose fibers or 
powder and chemical and/or physical crosslinking.  This allows one to obtain a three-
dimensional network of hydrophilic polymer chains, which is able to absorb and retain a 
significant amount of water (100).  
A specific type of cellulose-based compound is methylcellulose.  Being a 
derivative of cellulose, the material is extremely abundant, inexpensive and has been 
considered to be one of the most inexhaustible sources of environmentally friendly and 
biocompatible raw materials (101).  The particular β-(1→4) configuration and multiple 
hydrogen bonds of this polysaccharide polymer accounts for the material’s rigidity (102).  
The thermoreversible gelation of methylcellulose has been studied extensively and it can 
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be influenced by co-ingredients like salts, sugars and alcohols (103).  Nasatto explains 
the gelation behavior on molecular level: “at lower temperatures, the hydrophobic 
association is possible from the hydrophobic effective units. During heating, the gel is 
formed with the hydrophobic junctions consisting of such hydrophobic effective units 
and the mean length between two junctions remains constant when the gelling 
temperatures are higher than 42.5 °C” (102).  
Since methylcellulose cannot be digested or metabolized by the human body, it is 
commonly used in pharmaceuticals, including the manufacturing of capsules for 
nutritional supplements as an alternative to gelatin (104).  Material’s lubricating property 
has been utilized for production of tear and saliva substitutes (105).  Additionally, 
methylcellulose has been traditionally used as a food additive and has thermoreversable 
characteristics (106).  It has been shown to have lower viscosity at lower temperatures 
and higher viscosity at higher temperatures (107).  It has previously been shown to be 
biocompatible (108) and has proven to support some nerve regeneration (109).  This 
material is a good candidate for being a tissue engineering scaffold due to its desirable 
mechanical properties, biocompatibility and cost-effectiveness. 
Hydrogel’s stable properties make it an attractive material for use in regenerative 
endodontics, where the hydrogel serves a dual purpose of drug delivery vehicle, as well 
as a scaffold for pulpal tissue engineering.  A successfully fabricated methylcellulose 
hydrogel scaffold could potentially serve as an alternative to the currently used calcium 
hydroxide.   
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Carbon dots 
 
As discussed in previous sections, various drugs and medicaments are being 
developed for removal of microbial biofilm with the usage of scaffolds and carrier 
systems (110).  Current literature advocates the great potential for both carbon 
nanostructures and hydrogels in biomedical applications (111). Regarding the carbon 
nanostructures, carbon dots have been used as one of the newest carbon allotropes in 
biomedical applications (112). With varying compositions and drug release strategies, an 
ideal injectable formulation for use within the endodontic canal space has yet to be 
thoroughly evaluated. With such a novel formulation, it is necessary to determine 
cytotoxicity to establish an effective, yet safe therapeutic concentration.  
While studied in other fields of medicine (110, 111, 113) the use of graphene 
quantum dots and carbon dots within a hydrogel scaffold has not been investigated in 
endodontics. Discovered and introduced in 2004, carbon dots are a new class of 
fluorescent carbon nanomaterials, which can be single-layer to tens of layers of graphene 
of a size less than 10 nm (114).  Their molecules are highly stable; they possess low 
toxicity and good conductivity properties (115).  Additionally, their fluorescence 
properties have made them a subject of extensive investigation in medicine, catalysis and 
environmental studies (114).  The fluorescent property of these nanoparticles has been 
attributed to electron transitions within the core of the dots, while some authors have 
found this property is due to recombination of surface-trapped charges (116).  Carbon 
dots possess the potential to serve as effective light-activated antimicrobial agents, 
destroying pathogenic bacteria through biohazardous UV light once activated (117). 
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Carbon dots have multiple carboxyl moieties on their surface, which attributes to 
their substantial water solubility and biocompatibility.  Their molecular structure also 
allows for chemical surface modification, giving researchers the ability to alter and 
enhance desired physical properties (114).  Multiple scientific reports have been 
published which shed light onto C-dots potential to act as a carrier vehicle of medications 
in field of medicine, including addition of doxorubicin for cancer cell imaging (118), as 
well as controlled carrying and releasing capability for anti-psychotic drug haloperidol 
(119).  Thakur et al revealed that ciprofloxacin can be anchored to functionalized C-dots 
(112).  This ability for providing a sustained release of antibiotic in a controlled manner 
could be utilized in the field of endodontics by delivering a controlled amount of 
antibiotic locally within the pulp canal space, thereby reducing chance of antibiotic 
overuse and resistance. 
The ability to modify carrier abilities of carbon dots is termed as surface 
functionalization, making it possible to alter the surface properties of this material 
depending on selected application.  Most carbon dot molecules and compounds contain 
oxygen-containing functional groups, which allows for covalent bonds to be formed.  It is 
this property that allows for the improved photoluminescence properties (114). 
Carbon dots are commonly synthesized by two distinct methods – “top-down” 
(synthetic) and “bottom-up” methods (120).  In the “top-down” route, a larger carbon 
structure (such as graphite) is broken down into smaller particles through laser ablation, 
arc discharge and electrochemical techniques (120-124).  A “bottom-up” approach 
produces carbon dots from a smaller precursor such as carbohydrate, citrate and polymer-
silica nanocomposites through hydrothermal treatment.  Each method of preparation 
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comes with its own advantages and disadvantages.  While the “top-down” approach 
allows for production via variable sources and improved surface characterization, it does 
utilize harsher conditions for production and requires multiple modifications.  The 
“bottom-up” approach, on the other hand, is cost-effective, rapid, eco-friendly and non-
toxic, but allows for less control over particle size (125-130). This present study utilized a 
“bottom-up” synthetic approach using ammonium hydrogen citrate as the precursor due 
to ease of manufacturing, availability of raw materials and size control of final particles. 
The ability of pure graphene quantum dots and carbon dots to produce 
antibacterial effect has been a controversial topic.  A study performed by Hui et al. 
demonstrated that bottom-up synthesized carbon dots with ruptured C-60 cage (C60-
GQD) are able to effectively kill Staphylococcus aureus, including its antibiotic resistant 
variants.  The study, however, failed to show effectiveness against Bacillus subtilis, 
Escherichia coli, or Pseudomonas aeruginosa (131).  Another study by Al Awak found 
that bactericidal activity of surface-modified carbon dots could be increased by altering 
the fluorescence quantum yield (ThetaF).  In this study, the nanoparticles with higher 
fluorescence quantum yield demonstrated ability to kill both Gram positive and negative 
species (specifically E. coli and B. subtilis) (132). 
Being a fluorescent nanoparticle, carbon dots have been utilized in bioimaging, 
biosensor and drug delivery (118).  There is great potential for the use of carbon dots in 
endodontics due to their ability to be drug carriers.  Incorporating carbon dots into an 
injectable hydrogel would provide clinicians with a new material for canal space 
disinfection.  Since carbon dots are nontoxic and biocompatible, they have the potential 
to be a great alternative to calcium hydroxide in regenerative and conventional 
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endodontics.  This present study characterized the surface of carbon dots with 
spermidine-derived amine groups.  These amine groups have been found to have 
bactericidal effects against certain bacterial, especially in a higher pH environment.  
Although not within the scope of this experiment, further antibacterial studies will be 
desired to study effects of studied material against common endodontic pathogens. 
 
The following hypotheses were made: 
1)  A thermoreversible hydrogel can be fabricated using a combination methylcellulose 
and inorganic salts to achieve a physiologically-compatible gelation temperature. 
2)  Calcium hydroxide formulation Ultracal is cytotoxic when placed in direct contact 
with dental pulpal stem cells. 
3) Methycellulose hydrogel impregnated with graphite carbon dots nano-particles is a 
biocompatible material which allows for continued proliferation of dental pulpal stem 
cells. 
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CHAPTER 3 
MATERIALS AND METHODS  
Materials 
 
 Tribasic ammonium citrate, carboxymethylcellulose sodium salt, Collagenase 
Type I (Clostridium histolyticum) were purchased from Alfa Aesar (USA).  
Biotechnology grade sodium chloride, Phosphate Buffered Saline (PBS) (Ultra pure 
grade), L-Glutamine (High purity grade) were purchased from VWR Amresco (USA).  
Sodium sulfate (ACS reagent, ≥99.0%, anhydrous) and Dispase II were purchased from 
Sigma-Aldrich (USA). Dulbecco’s Modified Eagle Medium (DMEM) was purchased 
from Corning Cellgro.  Penicillin, Streptomycin Mixture (10,000 µg/mL streptomycin, 
10,000 µg/mL penicillin) was purchased from Quality Biological (USA).  Fetal bovine 
serum, FBS (Corning cellgro®, Regular) was purchased from Mediatech INC (USA). 
Carbon Dot Synthesis 
 Carbon dots were synthesized using ammonium citrate (AHC) as nitrogen 
precursor. The CDs were synthesized by a thermal reaction; briefly, 2 g of ammonium 
citrate was placed in a beaker and heated in an oven at 180 oC for two hours.  This 
yielded a dark brown residue. After cooling the resulting carbon dots to room 
temperature, large particles were ground to finer particles and stored in a cabinet at room 
temperature for later use. 
 To functionalize the synthesized carbon dots with spermidine-derived amine 
groups, 0.025 g of the carbon dots powder was placed in an uncovered beaker and then 1 
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ml of 0.1 M of spermidine solution was added to the beaker. The solution was then 
heated to 260 oC for 2 hours. The dark residue was then cooled down to room 
temperature and dissolved in 5 ml of deionized water. Afterwards, the solution was 
centrifuged for 1 h at 6000 rpm to remove the large particles. Finally, the supernatant was 
removed and poured into a dialysis bag (MWCO~1.0 KDa) to further purify the CDs 
solution. The dialysis process was conducted for 5 hours with the water replaced every 1 
hour. The obtained solution was stored at 4 oC for further later use.  
 Following the carbon dot fabrication, 100μg of carbon dots were accurately 
measured and combined with methylcellulose, sodium chloride and de-ionized water 
using techniques outlined in the previous paragraph.  The resulting solution contained 
8.0% sodium chloride, 2.5% methylcellulose and 50μg of carbon dots.  This solution was 
once again tested using the rheometry model for identification of gelation point. 
Preparation of Hydrogel 
 A 5% w/v methylcellulose solution was prepared by dissolving 5 g of 
methylcellulose  powder (Alfa Aesar) in 100 mL of deionized water.  This process 
produced a solution of higher viscosity with consistency similar to honey (Figure 1).  
 Following the preparation of 5% w/v Methylcellulose solution, various amounts 
of sodium chloride were dissolved in deionized water to produce solutions of various 
sodium chloride salt concentrations. Solutions of 5, 10, 15 and 20% of NaCl were 
prepared by mixing (Figure 2).  These initial concentrations were picked arbitrarily to 
study the relative effect of salt concentration on gelation point.     
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Figure 1 - 5% Methylcellulose solution in its partial sol state at room 
temperature 
Figure 2 - Methylcellulose samples with varying sodium chloride 
concentrations; resulting solution with carbon dots added 
	 27	
 A sample of 10% w/v Na2SO4 was also prepared to compare a different type of 
salt to sodium chloride.  This was accomplished by dissolving 0.1g of Na2SO4 in 10mL 
of deionized water. 
 Equal weight amounts of 5% Methylcellulose and each NaCl solution were mixed 
in a small container using a vortex mixer (VWR); centrifuge was used to remove air 
bubbles from the mixture.  Resulting samples of polymer/salt mixture were evaluated 
using a shear rheometer (Malvern Kinexus pro+) and the relationship between 
temperature and complex shear viscosity was measured to arrive at onset gelation 
temperature closest to targeted temperature (~37°C). 
Gelation Temperature and Rheological Analysis 
 A rheometer works by measuring the response of liquids or gel-like slurries to 
applied forces (Figure 4). In the case of fluids or gels where viscosity can be modified in 
response to temperature changes, the rheometer plate adjusts its temperature and induces 
a shift from gel to sol state of the studied material.  While this is happening, a vertical 
component called a geometry applies shearing forces to the sample and measures its 
complex viscosity.  Using the values collected from testing each sample, the complex 
viscosity can be plotted versus temperature.  The value T onset is the value on this plot 
where a drastic change in the slope starts to appear, indicating the approximate location 
of the gelation point. 
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 The gel point of different solutions was measured using a Malvern Kinexus 
rheometer with disc (D = 20 mm) and parallel plate geometry. The distance between the 
disc and plate was adjusted to be 0.3 mm. Oscillation experiments were conducted at 
different temperature ranging from 20 to 40 °C. Oscillatory shear measurements were 
performed in the linear viscoelastic regime (shear strain 2%) where the storage and loss 
modulus are independent of the strain amplitude. Scanning from low temperatures to high 
temperatures, the complex shear viscosity as a function of temperature was 
measured.  After arriving at a concentration producing an estimated gelation point closest 
to physiologic temperature, a more precise mode of analysis (frequency-independent 
value of damping factor using a multi-frequency plot) was performed using the 
appropriate solution to determine the precise gelation point. 
 Once the optimized concentration of sodium chloride/methylcellulose solution 
was found, two new samples were fabricated using concentrations of 25 and 50 
micrograms of carbon dots added to the gel solution.  This was done by adding 50 and 
100μg of carbon dot powder to two 16% NaCl solutions, followed by additions of equal 
amounts by weight of resulting carbon dot/salt solution to the previously prepared 
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Background	
Endodontics	 is	 a	 specialty	within	 dentistry	 largely	 dedicated	 to	 the	 treatment	 of	
dental	pulp	pathology	and	periradicular	diseases.	While	not	always	painful,	 these	
diseases	 are	 commonly	 a	 result	 of	 complex	 biofilm	 invasion	 into	 the	 pulp	 tissue,	
which	proliferates	without	proper	dental	 intervention.	As	the	disease	progression	
occurs,	 biofilms	 become	 more	 established	 and	 more	 resilient	 [1].	 Root	 canal	
therapy	 (RCT)	 is	 a	 commonly	 prescribed	 procedure,	 designed	 to	 remove	 biofilm	
within	the	canal	space	and	resolve	tooth-borne	dental	infections.	When	performed	
to	an	acceptable	standard,	RCT	is	highly	successful.	This	treatment	is	carried	out	by	
accessing	the	canal	space,	physically	and	chemically	debriding	the	canal	walls,	and	
filling	 the	 space	 with	 material	 to	 provide	 a	 hermetic	 seal.	 While	 several	 factors	
contribute	 to	 the	 overall	 success	 of	 RCT,	 proper	 disinfection	 is	 paramount.	 It	 is	
commonly	 believed	 that	 residual	 biofilm	 is	 responsible	 for	 most	 endodontic	
failures.		
Current	irrigation	and	intra-canal	medications	used	in	endodontics	do	not	provide	
adequate	 and	 complete	 bacterial	 eradication	 during	 endodontic	 treatments	 [2].	
The	most	 common	 irrigation	 solution	 used	 for	 disinfection	 during	 an	 endodontic	
appointment	 is	 5.25%	 sodium	 hypochlorite,	 while	 the	 most	 common	 inter-	
appointment	medication	 is	 calcium	 hydroxide.	 Bacteria	 involved	 in	 long-standing	
endodontic	 infections	 are	 organized	 as	 a	 biofilm	 that	 tightly	 adheres	 to	 dentinal	
walls	 [3].	Often	 times	 the	bacteria	 found	within	biofilm	can	be	 resistant	 to	 these	
irrigation	and	medicament	protocols	[4].	This	can	lead	to	persistently	infected	canal	
spaces,	which	correlate	to	poor	healing	outcomes	[1].	Additionally,	evidence	shows	
that	 both	 sodium	 hypochlorite	 and	 calcium	 hydroxide	 are	 cytotoxic	 to	 human	
dental	 pulp	 stem	 cells	 [5,	 6,	 9].	 A	 new	 material	 and	 method	 for	 disinfection	 is	
desirable.		
Various	 drugs	 and	 medicaments	 are	 being	 developed	 for	 removal	 of	 microbial	
biofilm	 with	 the	 usage	 of	 scaffolds	 and	 carrier	 systems	 [7].	 Current	 literature	
advocates	 the	 great	 potential	 for	 both	 carbon	 dots	 and	 hydrogels	 in	 biomedical	
applications	 [8].	With	 varying	 compositions	 and	 drug	 release	 strategies,	 an	 ideal	
injectable	 formulation	 for	 use	 within	 the	 endodontic	 canal	 space	 has	 yet	 to	 be	
thoroughly	evaluated.	With	 such	a	new	 formulation,	 it	 is	 necessary	 to	determine	
cytotoxicity	to	establish	an	effective,	yet	safe	therapeutic	concentration.		
While	 studied	 in	 other	 fields	 of	 medicine	 [7,	 8,	 10],	 the	 use	 of	 carbon	 dot	
nanoparticles	within	a	hydrogel	scaffold	has	not	been	investigated	in	endodontics.	
This	 present	 study	 utilizes	 a	 simple,	 inexpensive	 approach	 to	 fabricate	 such	 gels	
and	evaluate	their	cytotoxicity	on	human	dental	pulpal	stem	cells.	
Cellulose	 based	 hydrogels	 will	 be	 formulated	 and	 optimized	 to	 proper	
concentration	 of	 inorganic	 salt/methyl	 cellulose.	 Carbon	 dots	will	 be	 synthesized	
from	 ammonium	 citrate	 precursor	 and	 will	 be	 characterized	 with	 spermidine-
derived	 amine	 functional	 groups;	 characterized	 carbon	dots	will	 be	 added	 to	 the	
optimized	hydrogel;	resulting	formulations	will	be	tested	for	dental	pulp	stem	cell	
viability	using	cells	obtained	from	freshly	extracted	human	third	molars.		
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Materials	and	Methods	
Hydrogel	design	
A	 5%	 w/v	 methylcellulose	 solution	 was	 prepared	 by	 dissolving	 5	 g	 of	
methylcellulose	powder	 (Alfa	Aesar)	 in	100	mL	of	deionized	water.	 Following	 the	
fabrication	 of	 5%	 w/v	 Methylcellulose	 solution,	 various	 amounts	 of	 NaCl	 were	
dissolved	 in	deionized	water	 to	produce	solutions	of	various	 sodium	chloride	 salt	
concentrations.	Solutions	of	5,	10,	15	and	20%	of	NaCl	were	prepared.	A	sample	of	
10%	w/v	Na2SO4	was	 also	prepared	 to	 compare	 a	different	 type	of	 salt	 to	NaCl.	
Equal	 weight	 amounts	 of	 5%	 Methylcellulose	 and	 each	 NaCl	 solution	 were	
combined	in	a	small	container,	mixed	using	a	vortex	mixer	(VWR)	and	integrated	by	
using	 centrifuge	 (VWR	 Symphony)	 for	 two	minutes.	 Resulting	 samples	 of	 gel/salt	
mixture	 were	 evaluated	 using	 a	 shear	 rheometer	 (Kinexus	 pro+)	 and	 the	
relationship	between	temperature	and	complex	shear	viscosity	was	measured	(Fig.	
1)	 to	 arrive	 at	 onset	 gelation	 temperature	 closest	 to	 targeted	 temperature	 (~37	
degrees	centigrade).	
Carbon	dot	synthesis	
Carbon	 dots	 were	 synthesized	 using	 ammonium	 citrate	 (AHC)	 and	 thiourea	 as	
nitrogen	 and	 sulfur	 precursors.	 The	 CDs	 were	 synthesized	 by	 hydrothermal	
reaction;	 briefly,	 2	 g	 of	 AHC	 and	 0.1	 g	 of	 thiourea	 were	 dissolved	 in	 75	 ml	 of	
deionized	 water	 to	 reach	 a	 colorless	 solution.	 Subsequently,	 the	 solution	 was	
transferred	 into	 a	 100	 ml	 Teflon	 lined	 stainless	 autoclave.	 The	 autoclave	 was	
gradually	heated	to	180	°C	with	the	rate	of	2	°C	/min	and	held	at	this	temperature	
for	 12	 hours.	 After	 cooling	 the	 autoclave,	 the	 colourless	 solution	 changed	 to	 a	
bright	yellow	solution.	The	obtained	solution	was	centrifuged	at	10000	rpm	for	15	
min	 to	 separate	 larger	 particles.	 Finally,	 the	 supernatant	 solution	was	 separated	
from	large	particles	and	used	for	further	analysis.		
Cytotoxicity	measurement	
Dental	 pulp	 stem	 cells	were	 isolated	 from	extracted	 third	molars	 and	 allowed	 to	
proliferate.		Gel	samples	were	exposed	to	UV	radiation	for	sterilization.	Gels	will	be	
placed	into	well	plates	 	Cells	will	be	seeded	onto	well	plates	containing	optimized	
hydrogels	and	cell	proliferation	will	be	monitored	at	3,	7	and	14	days.		
		
0 
100 
200 
300 
400 
500 
600 
0 20 40 60 80 
C
om
pl
ex
 S
he
ar
 V
is
co
si
ty
 (P
a.
s)
 
Temperature (°C) 
10% NaCl 
7.5% NaCl 
5% NaCl 
2.5% NaCl 
0 
50 
100 
150 
200 
250 
300 
0 10 20 30 40 50 60 
C
om
pl
ex
 S
he
ar
 V
is
co
si
ty
 (P
a.
s)
 
Temperature (°C) 
5% Na2SO4 
5% NaCl 
y = -3.12x + 56.5 
R² = 0.99412 
0 
10 
20 
30 
40 
50 
60 
0 2 4 6 8 10 12 
O
ns
et
 T
em
pe
ra
tu
re
 (°
C
) 
NaCl Concentration % w/v 
0 
0.2 
0.4 
0.6 
0.8 
1 
20 25 30 35 40 
Ta
n 
(d
el
ta
)  
Temperature (°C) 
1.259 Hz 
1.585 Hz 
1.995 Hz 
2.512 Hz 
3.162 Hz 
3.981 Hz 
5.012 Hz 
6.31 Hz 
7.943 Hz 
10 Hz 
Figure	1:	The	sample	in	Sol	state	is	placed	into	hot	water	until	gelation	temperature	is	reached	and	sample	is	
converted	to	Gel	state.	The	rheometer	is	used	to	gradually	increase	the	sample	temperature	and	detect	the	precise	
onset	temperature	(T	onset)	by	plotting	complex	viscosity	versus	te perature.		
	
Results	
Preliminary	 results	 indicate	 that	 optimal	 gelation	 temperature	 (30-37	 °C)	 was	
achieved	by	using	2.5%	methylcellulose,	 8.0%	 sodium	chloride	 and	0.05%	carbon	
dots.	As	shown	in	Figure	2,	the	gelation	temperature	was	found	to	be	significantly	
affected	 by	 the	 salt	 temperature.	 The	 gelation	 temperature	 was	 inversely	
proportional	to	the	NaCl	concentration.	There	is	a	linear	relationship	between	the	
gelation	onset	and	the	NaCl	concentration	as	illustrated	in	Figure	3.		
Figure	 4	 displays	 the	 effect	 of	 type	 of	 the	 salt,	 added	 to	 the	 hydrogel,	 on	 the	
gelation	 temperature.	 As	 seen,	 at	 a	 certain	 concentration,	 Na2SO4	 has	 a	 more	
significant	effect	on	the	onset	of	gelation.	However,	it	also	decreases	the	slope	of	
complex	viscosity	 increase	which	is	not	 in	favor	of	formation	of	a	solid	gel	 in	situ,	
once	injected.		
Conclusion	
Cellulose-based	 hydrogels	 incorporating	 carbon	 dots	 can	 be	 considered	 as	 a	
potential	 formulation	 for	 root	 canal	 disinfection.	 Our	 study	 utilizes	 a	 simple,	
inexpensive	approach	 to	 fabricate	 such	an	 injectable	non-cytotoxic	 gel.	However,	
antibacterial	effect	of	 the	gel	yet	needs	to	be	evaluated	and	 is	 the	subject	of	our	
future	studies.	
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Figure	2:	the	effect	of	concentration	of	sodium	chloride	
on	the	gelation	temperature	of	methylcellulose	
	
Figure	 4:	 the	 effect	 of	 type	 of	 the	 salt	
added	to	methylcellulose	on	the	gelation	
	
Figure	 3:the	 onset	 temperature	 of	
methylcellulose	 gelation	 as	 a	 function	 of	
sodium	chloride	concentration	
Figure	 5:	 damping	 factor	 as	 a	 function	 of	 temperature	 at	
different	 frequencies	 for	 optimum	 methylcellulose-sodium	
chloride	mixture;	 the	 gelation	 temperature	 ca 	 be	 defined	 as	
the	intersection	point	of	all	curves	
50	nm		
Figure	 7:	a	 TEM	 image	of	 agglomerated	
carbon	dots	
	
Figure	 6:	 Carbon	 dots	 sample	 derived	
from	ammonium	citrate	precursor	
	
To	 validate	 the	 gelation	 onset	 measurements,	 the	 gel	 point	 of	 the	 optimum	
formulation,	i.e.	2.5%	methylcellulose/8%	sodium	chloride/0.05%	carbon	dots,		was	
also	determined	using	oscillatory	sweep	measurements.	The	gelation	temperature	
can	be	defined	by	observation	of	a	frequency-independent	value	of	damping	factor	
(tanδ)	 obtained	 from	 a	 multi-	 frequency	 plot	 for	 a	 temperature	 sweep	
measurement	 as	 shown	 in	 Figure	 5.	 The	 gelation	 temperature	 was	 found	 to	 be	
around	 35	 °C	 which	 is	 well	 within	 the	 desired	 range.	 Figure	 6	 and	 7	 exhibit	 the	
synthesized	carbon	dots	and	their	TEM	images,	respectively.	The	spherical	shape	of	
the	particles	as	well	as	their	nanometric	particle	size	range	cab	be	simply	observed.	
Cytotoxicity	 testing	 of	 hydrogels	 is	 being	 conducted.	 Preliminary	 results	 show	
adequate	 proliferation	 of	 dental	 pulp	 stem	 cells,	 indicating	 their	 non-cytotoxic	
nature.	
	
Figure 3 - Methylcellulose/sodium chloride solution demonstrating its thermo-
reversible property; initially in sol state at room temperature, the polymer transitions 
into a more solid gel state after placement in warm water bath. 
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methylcellulose gel.  The resulting gel was analyzed using the primary method of 
gelation point measurement to observe the effect of adding carbon dots on the finalized 
gelation point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - Malvern Kinexus+ rheometer; polymer material loading onto 
Peltier plate cartridge for viscoelastic characterization 
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Cell Culture/Cell Cytotoxicity 
 
 Freshly extracted non-carious third molars were collected from Marquette’s 
School of Dentistry Oral Surgery department with patient’s written consent and 
previously prepared by Marquette’s Tayebi Research Group using the following protocol: 
using a high-speed handpiece, clinical crowns were separated from the roots using 
copious amounts of water spray (to prevent overheating and damage of cells); clinical 
crowns were discarded.  Dental pulp tissues were extracted from the root structures using 
FlexoFiles and tissue was placed in 5mL of PBS solution and stored in a refrigerator for 1 
hour.  Enzyme solution was fabricated by combining 5mL PBS, 0.020g of Dispase II and 
0.015g of Collagenase, Type I.  Once combined, the solution was stored in the incubator 
for 1 hour. 
 In effort to properly maintain viable cells, cell medium was prepared by 
combining 500mL of Dulbecco’s Modified Eagle Medium (DMEM), 55mL Fetal Bovine 
Serum (FBS), 5.5mL of antibiotic solution (penicillin/streptomycin) and 5.5mL of L-
glutamine, resulting in media with the following concentrations: 15% FBS, 1% antibiotic, 
1% L-Glutamine.  The cells were harvested according to the protocol in the Tayebi 
Research Group. 
 The experimental wells were labeled and subdivided into the following groups: 
1) 2.5% Methyl Cellulose, 8% NaCl, 25 ug/mL CD (Experimental) 
2) 2.5% Methyl Cellulose, 8% NaCl, 50 ug/mL CD (Experimental) 
3) 2.5% Methyl Cellulose, 8% NaCl (Experimental) 
4) Normal well, no gel (Positive Control) 
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 Gel samples were exposed by removing caps from storage containers and 
sterilized by a 60-minute exposure to UV radiation.  Each appropriate well was filled 
with gel sample to cover surface.  Samples were placed in incubator for about 30 
minutes, making sure that gels heat up enough to solidify.  Cells were seeded on the 
bottom of 24 well plates and gels were placed into well-plate inserts with 0.16g per 
insert.  The inserts were used to avoid detachment of cells from a dissolving gel when 
placed in the incubator. Media was added to each appropriate well.  Cell proliferation was 
tested at 24 hours, 48 hours, 5 days and 14 days.  Half of the media was replaced with 
fresh media every three days to ensure proper maintenance of gel and cell viability, while 
also retaining residue from each dissolved gel. 
 At each time interval, the porous inserts and media were transferred to a separate 
well, while leaving remaining cells in their original wells. 100microL Prestoblue and 
900microL DMEM were added to cellular wells to establish cellular marker and maintain 
cellular health.  DMEM helped maintain cell viability.  Proliferation was evaluated using 
Synergy HDX microplate reader to evaluate the cell counts by detecting fluorescence at 
540nm.  Cells in original well plate were washed. Inserts were then transferred back to 
the original plate along with the media.  Each sample was tested 3 times in each well; 
each Prestoblue measurement was repeated 3 times, to result in 9 separate measurements, 
of which an average was taken. 
 The same protocol was used to evaluate the effect of calcium hydroxide (UltraCal 
XS) on the proliferation of pulpal stem cells.  Calcium hydroxide was evaluated at the 
same time intervals as hydrogel samples, using weights of 0.15g, 0.1g and 0.05g.  
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CHAPTER 4 
RESULTS 
Gelation point/Rheometry 
 
 
 The concentrations prepared and tested for Methylcellulose hydrogels 
incorporated with salts (sodium chloride and sodium sulfate) included 2.5%, 5%, 8% and 
10% NaCl, as well as 5% Na2SO4.  The variable concentration results for NaCl were 
plotted on a Temperature (°C) vs Complex Shear Viscosity to estimate the effect of 
concentration of sodium chloride on the gelation temperature of methylcellulose.  Based 
on the graph in figure 5, there was an inverse relationship between the concentrations of  
added NaCl to the point of onset of gelation temperature as defined by complex shear 
viscosity versus temperature plot.  The highest concentration of NaCl of (10%) yielded 
the lowest gelation range (between 25°C and 30°C), while the lowest concentration of 
2.5% NaCl did not achieve gelation state until reaching temperatures above 40°C.  By 
using estimated T onset of each solution’s concentration, an inverse linear relationship 
was established between salt concentration and the temperature at which sol to gel 
transition begins (Figure 5).  The resulting equation allows for the estimation of required 
concentration of salt to reach the desired gelation temperature (Figure 6).  The optimal 
concentration of NaCl for reaching and slightly exceeding gelation temperature close to 
physiologic temperature of 37°C was determined to be between 7 and 8.0%.	 
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 The 5% w/v NaCl result was plotted against the 5% w/v Na2SO4 hydrogel to 
establish the effect of the salt type on the gelation (Figure 7).  The sodium chloride 
sample showed to be more applicable to the experimental goal. As seen in Figure 7, at a 
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Background	
Endodontics	 is	 a	 specialty	within	 dentistry	 largely	 dedicated	 to	 the	 treatment	 of	
dental	pulp	pathology	and	periradicular	diseases.	While	not	always	painful,	 these	
diseases	 are	 commonly	 a	 result	 of	 complex	 biofilm	 invasion	 into	 the	 pulp	 tissue,	
which	proliferates	without	proper	dental	 intervention.	As	the	disease	progression	
occurs,	 biofilms	 become	 more	 established	 and	 more	 resilient	 [1].	 Root	 canal	
therapy	 (RCT)	 is	 a	 commonly	 prescribed	 procedure,	 designed	 to	 remove	 biofilm	
within	the	canal	space	and	resolve	tooth-borne	dental	infections.	When	performed	
to	an	acceptable	standard,	RCT	is	highly	successful.	This	treatment	is	carried	out	by	
accessing	the	canal	space,	physically	and	chemically	debriding	the	canal	walls,	and	
filling	 the	 space	 with	 material	 to	 provide	 a	 hermetic	 seal.	 While	 several	 factors	
contribute	 to	 the	 overall	 success	 of	 RCT,	 proper	 disinfection	 is	 paramount.	 It	 is	
commonly	 believed	 that	 residual	 biofilm	 is	 responsible	 for	 most	 endodontic	
failures.		
Current	irrigation	and	intra-canal	medications	used	in	endodontics	do	not	provide	
adequate	 and	 complete	 bacterial	 eradication	 during	 endodontic	 treatments	 [2].	
The	most	 common	 irrigation	 solution	 used	 for	 disinfection	 during	 an	 endodontic	
appointment	 is	 5.25%	 sodium	 hypochlorite,	 while	 the	 most	 common	 inter-	
appointment	medication	 is	 calcium	 hydroxide.	 Bacteria	 involved	 in	 long-standing	
endodontic	 infections	 are	 organized	 as	 a	 biofilm	 that	 tightly	 adheres	 to	 dentinal	
walls	 [3].	Often	 times	 the	bacteria	 found	within	biofilm	can	be	 resistant	 to	 these	
irrigation	and	medicament	protocols	[4].	This	can	lead	to	persistently	infected	canal	
spaces,	which	correlate	to	poor	healing	outcomes	[1].	Additionally,	evidence	shows	
that	 both	 sodium	 hypochlorite	 and	 calcium	 hydroxide	 are	 cytotoxic	 to	 human	
dental	 pulp	 stem	 cells	 [5,	 6,	 9].	 A	 new	 material	 and	 method	 for	 disinfection	 is	
desirable.		
Various	 drugs	 and	 medicaments	 are	 being	 developed	 for	 removal	 of	 microbial	
biofilm	 with	 the	 usage	 of	 scaffolds	 and	 carrier	 systems	 [7].	 Current	 literature	
advocates	 the	 great	 potential	 for	 both	 carbon	 dots	 and	 hydrogels	 in	 biomedical	
applications	 [8].	With	 varying	 compositions	 and	 drug	 release	 strategies,	 an	 ideal	
injectable	 formulation	 for	 use	 within	 the	 endodontic	 canal	 space	 has	 yet	 to	 be	
thoroughly	evaluated.	With	 such	a	new	 formulation,	 it	 is	 necessary	 to	determine	
cytotoxicity	to	establish	an	effective,	yet	safe	therapeutic	concentration.		
While	 studied	 in	 other	 fields	 of	 medicine	 [7,	 8,	 10],	 the	 use	 of	 carbon	 dot	
nanoparticles	within	a	hydrogel	scaffold	has	not	been	investigated	in	endodontics.	
This	 present	 study	 utilizes	 a	 simple,	 inexpensive	 approach	 to	 fabricate	 such	 gels	
and	evaluate	their	cytotoxicity	on	human	dental	pulpal	stem	cells.	
Cellulose	 based	 hydrogels	 will	 be	 formulated	 and	 optimized	 to	 proper	
concentration	 of	 inorganic	 salt/methyl	 cellulose.	 Carbon	 dots	will	 be	 synthesized	
from	 ammonium	 citrate	 precursor	 and	 will	 be	 characterized	 with	 spermidine-
derived	 amine	 functional	 groups;	 characterized	 carbon	dots	will	 be	 added	 to	 the	
optimized	hydrogel;	resulting	formulations	will	be	tested	for	dental	pulp	stem	cell	
viability	using	cells	obtained	from	freshly	extracted	human	third	molars.		
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Materials	and	Methods	
Hydrogel	design	
A	 5%	 w/v	 methylcellulose	 solution	 was	 prepared	 by	 dissolving	 5	 g	 of	
methylcellulose	powder	 (Alfa	Aesar)	 in	100	mL	of	deionized	water.	 Following	 the	
fabrication	 of	 5%	 w/v	 Methylcellulose	 solution,	 various	 amounts	 of	 NaCl	 were	
dissolved	 in	deionized	water	 to	produce	solutions	of	various	 sodium	chloride	 salt	
concentrations.	Solutions	of	5,	10,	15	and	20%	of	NaCl	were	prepared.	A	sample	of	
10%	w/v	Na2SO4	was	 also	prepared	 to	 compare	 a	different	 type	of	 salt	 to	NaCl.	
Equal	 weight	 amounts	 of	 5%	 Methylcellulose	 and	 each	 NaCl	 solution	 were	
combined	in	a	small	container,	mixed	using	a	vortex	mixer	(VWR)	and	integrated	by	
using	 centrifuge	 (VWR	 Symphony)	 for	 two	minutes.	 Resulting	 samples	 of	 gel/salt	
mixture	 were	 evaluated	 using	 a	 shear	 rheometer	 (Kinexus	 pro+)	 and	 the	
relationship	between	temperature	and	complex	shear	viscosity	was	measured	(Fig.	
1)	 to	 arrive	 at	 onset	 gelation	 temperature	 closest	 to	 targeted	 temperature	 (~37	
degrees	centigrade).	
Carbon	dot	synthesis	
Carbon	 dots	 were	 synthesized	 using	 ammonium	 citrate	 (AHC)	 and	 thiourea	 as	
nitrogen	 and	 sulfur	 precursors.	 The	 CDs	 were	 synthesized	 by	 hydrothermal	
reaction;	 briefly,	 2	 g	 of	 AHC	 and	 0.1	 g	 of	 thiourea	 were	 dissolved	 in	 75	 ml	 of	
deionized	 water	 to	 reach	 a	 colorless	 solution.	 Subsequently,	 the	 solution	 was	
transferred	 into	 a	 100	 ml	 Teflon	 lined	 stainless	 autoclave.	 The	 autoclave	 was	
gradually	heated	to	180	°C	with	the	rate	of	2	°C	/min	and	held	at	this	temperature	
for	 12	 hours.	 After	 cooling	 the	 autoclave,	 the	 colourless	 solution	 changed	 to	 a	
bright	yellow	solution.	The	obtained	solution	was	centrifuged	at	10000	rpm	for	15	
min	 to	 separate	 larger	 particles.	 Finally,	 the	 supernatant	 solution	was	 separated	
from	large	particles	and	used	for	further	analysis.		
Cytotoxicity	measurement	
Dental	 pulp	 stem	 cells	were	 isolated	 from	extracted	 third	molars	 and	 allowed	 to	
proliferate.		Gel	samples	were	exposed	to	UV	radiation	for	sterilization.	Gels	will	be	
placed	into	well	plates	 	Cells	will	be	seeded	onto	well	plates	containing	optimized	
hydrogels	and	cell	proliferation	will	be	monitored	at	3,	7	and	14	days.		
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Figure	1:	The	sample	in	Sol	state	is	placed	into	hot	water	until	gelation	temperature	is	reached	and	sample	is	
converted	to	Gel	state.	The	rheometer	is	used	to	gradually	increase	the	sample	temperature	and	detect	the	precise	
onset	temperature	(T	onset)	by	plotting	complex	viscosity	versus	temperature.		
	
Results	
Preliminary	 results	 indicate	 that	 optimal	 gelation	 temperature	 (30-37	 °C)	 was	
achieved	by	using	2.5%	methylcellulose,	 8.0%	 sodium	chloride	 and	0.05%	carbon	
dots.	As	shown	in	Figure	2,	the	gelation	temperature	was	found	to	be	significantly	
affected	 by	 the	 salt	 temperature.	 The	 gelation	 temperature	 was	 inversely	
proportional	to	the	NaCl	concentration.	There	is	a	linear	relationship	between	the	
gelation	onset	and	the	NaCl	concentration	as	illustrated	in	Figure	3.		
Figure	 4	 displays	 the	 effect	 of	 type	 of	 the	 salt,	 added	 to	 the	 hydrogel,	 on	 the	
gelation	 temperature.	 As	 seen,	 at	 a	 certain	 concentration,	 Na2SO4	 has	 a	 more	
significant	effect	on	the	onset	of	gelation.	However,	it	also	decreases	the	slope	of	
complex	viscosity	 increase	which	is	not	 in	favor	of	formation	of	a	solid	gel	 in	situ,	
once	injected.		
Conclusion	
Cellulose-based	 hydrogels	 incorporating	 carbon	 dots	 can	 be	 considered	 as	 a	
potential	 formulation	 for	 root	 canal	 disinfection.	 Our	 study	 utilizes	 a	 simple,	
inexpensive	approach	 to	 fabricate	 such	an	 injectable	non-cytotoxic	 gel.	However,	
antibacterial	effect	of	 the	gel	yet	needs	to	be	evaluated	and	 is	 the	subject	of	our	
future	studies.	
	
Co
m
ple
x	M
od
ulu
s	o
f	V
isc
os
ity
	
Gelation 
Temperature 
Temperature	 Tonset 
Figure	2:	the	effect	of	concentration	of	sodium	chloride	
on	the	gelation	temperature	of	methylcellulose	
	
Figure	 4:	 the	 effect	 of	 type	 of	 the	 salt	
added	to	methylcellulose	on	the	gelation	
	
Figure	 3:the	 onset	 temperature	 of	
methylcellulose	 gelation	 as	 a	 function	 of	
sodium	chloride	concentration	
Figure	 5:	 damping	 factor	 as	 a	 function	 of	 temperature	 at	
different	 frequencies	 for	 optimum	 methylcellulose-sodium	
chloride	mixture;	 the	 gelation	 temperature	 can	 be	 defined	 as	
the	intersection	point	of	all	curves	
50	nm		
Figure	 7:	a	 TEM	 image	of	 agglomerated	
carbon	dots	
	
Figure	 6:	 Carbon	 dots	 sample	 derived	
from	ammonium	citrate	precursor	
	
To	 validate	 the	 gelation	 onset	 measurements,	 the	 gel	 point	 of	 the	 optimum	
formulation,	i.e.	2.5%	methylcellulose/8%	sodium	chloride/0.05%	carbon	dots,		was	
also	determined	using	oscillatory	sweep	measurements.	The	gelation	temperature	
can	be	defined	by	observation	of	a	frequency-independent	value	of	damping	factor	
(tanδ)	 obtained	 from	 a	 multi-	 frequency	 plot	 for	 a	 temperature	 sweep	
measurement	 as	 shown	 in	 Figure	 5.	 The	 gelation	 temperature	 was	 found	 to	 be	
around	 35	 °C	 which	 is	 well	 within	 the	 desired	 range.	 Figure	 6	 and	 7	 exhibit	 the	
synthesized	carbon	dots	and	their	TEM	images,	respectively.	The	spherical	shape	of	
the	particles	as	well	as	their	nanometric	particle	size	range	cab	be	simply	observed.	
Cytotoxicity	 testing	 of	 hydrogels	 is	 being	 conducted.	 Preliminary	 results	 show	
adequate	 proliferation	 of	 dental	 pulp	 stem	 cells,	 indicating	 their	 non-cytotoxic	
nature.	
	
Figure 6 - The ons t temperature of methylcellulose gelation as a function of 
sodium chloride concentration 
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Background	
Endodontics	 is	 a	 specialty	within	 dentistry	 largely	 dedicated	 to	 the	 treatment	 of	
dental	pulp	pathology	and	periradicular	diseases.	While	not	always	painful,	 these	
diseases	 are	 commonly	 a	 result	 of	 complex	 biofilm	 invasion	 into	 the	 pulp	 tissue,	
which	proliferates	without	proper	dental	 intervention.	As	the	disease	progression	
occurs,	 biofilms	 become	 more	 established	 and	 more	 resilient	 [1].	 Root	 canal	
therapy	 (RCT)	 is	 a	 commonly	 prescribed	 procedure,	 designed	 to	 remove	 biofilm	
within	the	canal	space	and	resolve	tooth-borne	dental	infections.	When	performed	
to	an	acceptable	standard,	RCT	is	highly	successful.	This	treatment	is	carried	out	by	
accessing	the	canal	space,	physically	and	chemically	debriding	the	canal	walls,	and	
filling	 the	 space	 with	 material	 to	 provide	 a	 hermetic	 seal.	 While	 several	 factors	
contribute	 to	 the	 overall	 success	 of	 RCT,	 proper	 disinfection	 is	 paramount.	 It	 is	
commonly	 believed	 that	 residual	 biofilm	 is	 responsible	 for	 most	 endodontic	
failures.		
Current	irrigation	and	intra-canal	medications	used	in	endodontics	do	not	provide	
adequate	 and	 complete	 bacterial	 eradication	 during	 endodontic	 treatments	 [2].	
The	most	 common	 irrigation	 solution	 used	 for	 disinfection	 during	 an	 endodontic	
appointment	 is	 5.25%	 sodium	 hypochlorite,	 while	 the	 most	 common	 inter-	
appointment	medication	 is	 calcium	 hydroxide.	 Bacteria	 involved	 in	 long-standing	
endodontic	 infections	 are	 organized	 as	 a	 biofilm	 that	 tightly	 adheres	 to	 dentinal	
walls	 [3].	Often	 times	 the	bacteria	 found	within	biofilm	can	be	 resistant	 to	 these	
irrigation	and	medicament	protocols	[4].	This	can	lead	to	persistently	infected	canal	
spaces,	which	correlate	to	poor	healing	outcomes	[1].	Additionally,	evidence	shows	
that	 both	 sodium	 hypochlorite	 and	 calcium	 hydroxide	 are	 cytotoxic	 to	 human	
dental	 pulp	 stem	 cells	 [5,	 6,	 9].	 A	 new	 material	 and	 method	 for	 disinfection	 is	
desirable.		
Various	 drugs	 and	 medicaments	 are	 being	 developed	 for	 removal	 of	 microbial	
biofilm	 with	 the	 usage	 of	 scaffolds	 and	 carrier	 systems	 [7].	 Current	 literature	
advocat s	 th 	 great	 potential	 for	 both	 carbon	 dots	 and	 hydrogels	 in	 biomedical	
applications	 [8].	With	 varying	 compositions	 and	 drug	 release	 strategies,	 an	 ideal	
injectable	 formulation	 for	 use	 within	 the	 endodontic	 canal	 space	 has	 yet	 to	 be	
thoroughly	evaluated.	With	 such	a	new	 formulation,	 it	 is	 necessary	 to	determine	
cyt toxicity	to	establish	an	effective,	yet	safe	therapeutic	concentration.		
While	 studied	 in	 other	 fields	 of	 medicine	 [7,	 8,	 10],	 the	 use	 of	 carbon	 dot	
nanoparticles	within	a	hydrogel	scaffold	has	not	been	investigated	in	endodontics.	
This	 present	 study	 u ilizes	 a	 simple,	 inexpensive	 approach	 to	 fabricate	 such	 gels	
a d	evaluate	their	cytotoxicity	on	human	dental	pulpal	stem	cells.	
Cellulose	 based	 hydrogels	 will	 be	 formulated	 and	 optimized	 to	 proper	
concentration	 of	 inorganic	 salt/methyl	 cellulose.	 Carbon	 dots	will	 be	 synthesized	
from	 ammonium	 citrate	 precursor	 and	 will	 be	 characterized	 with	 spermidine-
derived	 amine	 functional	 groups;	 characterized	 carbon	dots	will	 be	 added	 to	 the	
optimized	hydrogel;	resulting	formulations	will	be	tested	for	dental	pulp	stem	cell	
viability	using	cells	obtained	from	freshly	extracted	human	third	molars.		
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M terials	a d	Methods	
Hydrogel	design	
A	 5%	 w/v	 methylcellulose	 solution	 was	 prepared	 by	 dissolving	 5	 g	 of	
methylcellulose	powder	 (Alfa	Aesar)	 in	100	mL	of	deionized	water.	 Following	 the	
fabrication	 of	 5%	 w/v	 Methylcellulose	 solution,	 various	 amounts	 of	 NaCl	 were	
di solved	 in	 eionized	water	 to	produce	solutions	of	various	 sodium	chloride	 salt	
concentrations.	Solutions	of	5,	10,	15	and	20%	of	NaCl	were	prepared.	A	sample	of	
10%	w/v	Na2SO4	was	 also	prepared	 to	 compare	 a	different	 type	of	 salt	 to	NaCl.	
Equal	 weight	 amounts	 of	 5%	 Methylcellulose	 and	 each	 NaCl	 solution	 were	
combined	in	a	small	container,	mixed	using	a	vort x	mixer	(VWR)	and	integrated	by	
using	 centrifuge	 (VWR	 Symphony)	 for	 two	minutes.	 Resulting	 samples	 of	 gel/salt	
mixture	 were	 evaluated	 using	 a	 shear	 rheometer	 (Kinexus	 pro+)	 and	 the	
relation hip	between	temperature	and	complex	shear	viscosity	was	measured	(Fig.	
1)	 to	 arrive	 at	 onset	 gelation	 temperature	 closest	 to	 targeted	 temperature	 (~37	
degrees	centigrade).	
Carbon	dot	synthesis	
Carbon	 d ts	 were	 synthesized	 using	 ammonium	 citrate	 (AHC)	 and	 thiourea	 as	
nitrogen	 and	 sulfur	 precursors.	 he	 CDs	 were	 synthesized	 by	 hydrothermal	
reaction;	 briefly,	 2	 g	 of	 AHC	 and	 0.1	 g	 of	 thiourea	 were	 dissolved	 in	 75	 ml	 of	
deionized	 water	 to	 reach	 a	 colorless	 solution.	 Subsequently,	 the	 solution	 was	
transferred	 into	 a	 100	 ml	 Teflon	 lined	 stainless	 autoclave.	 The	 autoclave	 was	
radually	heated	to	180	°C	with	the	rate	of	2	°C	/min	and	held	at	this	temperature	
for	 12	 hours.	 After	 cooling	 the	 autoclave,	 the	 colourless	 solution	 changed	 to	 a	
bright	yellow	solution.	The	obtained	solution	was	 ntrifuged	at	10000	rpm	for	15	
min	 to	 separate	 larger	 particles.	 Finally,	 the	 supernatant	 solution	was	 separated	
from	larg 	particles	and	used	for	further	analysis.		
Cytotoxicity	measurement	
Dental	 pulp	 stem	 cells	were	 isolated	 from	extracted	 third	molars	 and	 allowed	 to	
proliferate.		Gel	samples	were	exposed	to	UV	radiation	for	sterilization.	Gels	will	be	
placed	into	well	plates	 	Cells	will	be	seeded	onto	well	plates	containing	optimized	
hydrogels	and	cell	proliferation	will	be	monitored	at	3,	7	and	14 days.		
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Figure	1:	The	sample	in	Sol	state	is	placed	into	hot	water	until	gelation	temperature	is	reached	and	sample	is	
converted	to	Gel	state.	The	rheometer	is	used	to	gradually	increase	the	sample	temperature	and	detect	the	precise	
onset	temperature	(T	onset)	by	plotting	complex	viscosity	versus	temperature.		
	
Results	
Preliminary	 results	 indicate	 that	 optimal	 gelation	 temperature	 (30-37	 °C)	 was	
achieved	by	using	2.5%	methylcellulose,	 8.0%	 sodium	chloride	 and	0.05%	carbon	
dots.	As	shown	in	Figure	2,	the	gelation	temperature	was	found	to	be	significantly	
affected	 by	 the	 salt	 temperature.	 The	 gelation	 temperature	 was	 inversely	
p oportional	to	the	NaCl	concentration.	There	is	a	linear	relationship	between	the	
gelation	onset	a d	the	NaCl	concentration	as	illustrated	in	Figure	3.		
Figure	 4	 displays	 the	 effect	 of	 type	 of	 the	 salt,	 added	 to	 the	 hydrogel,	 on	 the	
gelation	 temperature.	 As	 seen,	 at	 a	 certain	 concentration,	 N 2SO4	 has	 a	 more	
significant	effect	on	the	onset	of	gelation.	However,	it	also	decreases	the	slope	of	
complex	viscosity	 increase	which	is	not	 in	favor	of	formation	of	a	solid	gel	 in	situ,	
once	injected.		
Conclusion	
Cellulose-based	 hydrogels	 incorporating	 carbon	 dots	 can	 be	 considered	 as	 a	
potential	 formulation	 for	 root	 canal	 disinfection.	 Our	 study	 u lizes	 a	 simple,	
inexpensive	approach	 to	 fabricate	 such	an	 injectable	non-cytotoxic	 gel.	However,	
antibacterial	effect	of	 the	gel	yet	needs	to	be	evaluated	and	 is	 the	subject	of	our	
future	studies.	
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Figure	2:	the	effect	of	concentration	of	sodium	chloride	
on	the	gelation	temperature	of	methylcellulose	
	
Figure	 4:	 the	 effect	 of	 type	 of	 the	 salt	
added	to	methylcellulose	on	the	gelation	
	
Figure	 3:the	 onset	 temperature	 of	
methylcellulose	 gelation	 as	 a	 function	 of	
sodium	chloride	concentration	
Figure	 5:	 damping	 factor	 as	 a	 function	 of	 temperature	 at	
different	 frequencies	 for	 optimum	 methylcellulose-sodium	
chloride	mixture;	 the	 gelation	 temperature	 can	 be	 defined	 as	
the	intersection	point	of	all	curves	
50	nm		
Figure	 7:	a	 TEM	 image	of	 agglomerated	
carbon	dots	
	
Figure	 6:	 Carbon	 dots	 sample	 derived	
from	ammonium	citrate	precursor	
	
To	 validate	 the	 gelation	 onset	 measurements,	 the	 gel	 point	 of	 the	 optimum	
formulation,	i.e.	2.5%	methylcellulose/8%	sodium	chloride/0.05%	carbon	dots,		was	
also	determined	using	oscillatory	sweep	measurements.	The	gelation	temperature	
can	be	defined	by	observation	of	a	frequency-independent	value	of	damping	factor	
(tanδ)	 obtained	 from	 a	 multi-	 frequency	 plot	 for	 a	 temperature	 sweep	
measurement	 as	 shown	 in	 Figure	 5.	 The	 gelation	 temperature	 was	 found	 to	 be	
around	 35	 °C	 which	 is	 well	 within	 th 	 d sired	 range.	 Figure	 6	 and	 7	 exhibit	 the	
synthesized	carbon	dots	and	their	TEM	images,	respectively.	The	spherical	shape	of	
the	particles	as	well	as	their	nanometric	particle	size	range	cab	be	simply	observed.	
Cytotoxicity	 testing	 of	 hydrogels	 is	 b ing	 conducted.	 Preliminary	 results	 show	
adequate	 proliferation	 of	 dental	 pulp	 stem	 cells,	 indicating	 their	 non-cytotoxic	
nat .	
	
Figure 5 - T-onset as function of N Cl concentration 
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certain concentration Na2SO4 has a more significant effect on the onset of gelation. 
However, it also decreases the slope of complex viscosity, which is not in favor of 
formation of a solid gel in situ, once injected.  
	
 To validate the gelation onset measurements, the gel point of the optimum 
formulation, i.e. 2.5% methylcellulose/8% sodium chloride/0.05% carbon dots, was also 
determined using oscillatory sweep measurements.  For thermo-reversible gels, the gel 
point can be described as the temperature at which the loss tangent (dissipation factor, 
Tan δ) is independent of frequency (133). Loss tangent (Tan δ) of gels of different 
compositions against temperature has been plotted at different frequencies in Figure 8. 
The gelation temperature is defined by observation of a frequency-independent value of 
damping factor (tanδ) obtained from a multi-frequency plot for a temperature sweep 
measurement as shown in Figure 8. The gelation temperature was found to be around 36-
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Background	
Endodontics	 is	 a	 specialty	within	 dentistry	 largely	 dedicated	 to	 the	 treatment	 of	
dental	pulp	pathology	and	periradicular	diseases.	While	not	always	painful,	 these	
diseases	 are	 commonly	 a	 result	 of	 complex	 biofilm	 invasion	 into	 the	 pulp	 tissue,	
which	proliferates	without	proper	dental	 intervention.	As	the	disease	progression	
occurs,	 biofilms	 become	 more	 established	 and	 more	 resilient	 [1].	 Root	 canal	
therapy	 (RCT)	 is	 a	 commonly	 prescribed	 procedure,	 designed	 to	 remove	 biofilm	
within	the	canal	space	and	resolve	tooth-borne	dental	infections.	When	performed	
to	an	acceptable	standard,	RCT	is	highly	successful.	This	treatment	is	carried	out	by	
accessing	the	canal	space,	physically	and	chemically	debriding	the	canal	walls,	and	
filling	 the	 space	 with	 material	 to	 provide	 a	 hermetic	 seal.	 While	 several	 factors	
contribute	 to	 the	 overall	 success	 of	 RCT,	 proper	 disinfection	 is	 paramount.	 It	 is	
commonly	 believed	 that	 residual	 biofilm	 is	 responsible	 for	 most	 endodontic	
failures.		
Current	irrigation	and	intra-canal	medications	used	in	endodontics	do	not	provide	
adequate	 and	 complete	 bacterial	 eradication	 during	 endodontic	 treatments	 [2].	
The	most	 common	 irrigation	 solution	 used	 for	 disinfection	 during	 an	 endodontic	
appointment	 is	 5.25%	 sodium	 hypochlorite,	 while	 the	 most	 common	 inter-	
appointment	medication	 is	 calcium	 hydroxide.	 Bacteria	 involved	 in	 long-standing	
endodontic	 infections	 are	 organized	 as	 a	 biofilm	 that	 tightly	 adheres	 to	 dentinal	
walls	 [3].	Often	 times	 the	bacteria	 found	within	biofilm	can	be	 resistant	 to	 these	
irrigation	and	medicament	protocols	[4].	This	can	lead	to	persistently	infected	canal	
spaces,	which	correlate	to	poor	healing	outcomes	[1].	Additionally,	evidence	shows	
that	 both	 sodium	 hypochlorite	 and	 calcium	 hydroxide	 are	 cytotoxic	 to	 human	
dental	 pulp	 stem	 cells	 [5,	 6,	 9].	 A	 new	 material	 and	 method	 for	 disinfection	 is	
desirable.		
Various	 drugs	 and	 medicaments	 are	 being	 developed	 for	 removal	 of	 microbial	
biofilm	 with	 the	 usage	 of	 scaffolds	 and	 carrier	 systems	 [7].	 Current	 literature	
advocates	 the	 great	 potential	 for	 both	 carbon	 dots	 and	 hydrogels	 in	 biomedical	
applications	 [8].	With	 varying	 compositions	 and	 drug	 release	 strategies,	 an	 ideal	
injectable	 formulation	 for	 use	 within	 the	 endodontic	 canal	 space	 has	 yet	 to	 be	
thoroughly	evaluated.	With	 such	a	new	 formulation,	 it	 is	 necessary	 to	determine	
cytotoxicity	to	establish	an	effective,	yet	safe	therapeutic	concentration.		
While	 studied	 in	 other	 fields	 of	 medicine	 [7,	 8,	 10],	 the	 use	 of	 carbon	 dot	
nanoparticles	within	a	hydrogel	scaffold	has	not	been	investigated	in	endodontics.	
This	 present	 study	 utilizes	 a	 simple,	 inexpensive	 approach	 to	 fabricate	 such	 gels	
and	evaluate	their	cytotoxicity	on	human	dental	pulpal	stem	cells.	
Cellulose	 based	 hydrogels	 will	 be	 formulated	 and	 optimized	 to	 proper	
concentration	 of	 inorganic	 salt/methyl	 cellulose.	 Carbon	 dots	will	 be	 synthesized	
from	 ammonium	 citrate	 precursor	 and	 will	 be	 characterized	 with	 spermidine-
derived	 amine	 functional	 groups;	 characterized	 carbon	dots	will	 be	 added	 to	 the	
optimized	hydrogel;	resulting	formulations	will	be	tested	for	dental	pulp	stem	cell	
viability	using	cells	obtained	from	freshly	extracted	human	third	molars.		
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Materials	and	Methods	
Hydrogel	design	
A	 5%	 w/v	 methylcellulose	 solution	 was	 prepared	 by	 dissolving	 5	 g	 of	
methylcellulose	powder	 (Alfa	Aesar)	 in	100	mL	of	deionized	water.	 Following	 the	
fabrication	 of	 5%	 w/v	 Methylcellulose	 solution,	 various	 amounts	 of	 NaCl	 were	
dissolved	 in	deionized	water	 to	produce	solutions	of	various	 sodium	chloride	 salt	
concentrations.	Solutions	of	5,	10,	15	and	20%	of	NaCl	were	prepared.	A	sample	of	
10%	w/v	Na2SO4	was	 also	prepared	 to	 compare	 a	different	 type	of	 salt	 to	NaCl.	
Equal	 weight	 amounts	 of	 5%	 Methylcellulose	 and	 each	 NaCl	 solution	 were	
combined	in	a	small	container,	mixed	using	a	vortex	mixer	(VWR)	and	integrated	by	
using	 centrifuge	 (VWR	 Symphony)	 for	 two	minutes.	 Resulting	 samples	 of	 gel/salt	
mixture	 were	 evaluated	 using	 a	 shear	 rheometer	 (Kinexus	 pro+)	 and	 the	
relationship	between	temperature	and	complex	shear	viscosity	was	measured	(Fig.	
1)	 to	 arrive	 at	 onset	 gelation	 temperature	 closest	 to	 targeted	 temperature	 (~37	
degrees	centigrade).	
Carbon	dot	synthesis	
Carbon	 dots	 were	 synthesized	 using	 ammonium	 citrate	 (AHC)	 and	 thiourea	 as	
nitrogen	 and	 sulfur	 precursors.	 The	 CDs	 were	 synthesized	 by	 hydrothermal	
reaction;	 briefly,	 2	 g	 of	 AHC	 and	 0.1	 g	 of	 thiourea	 were	 dissolved	 in	 75	 ml	 of	
deionized	 water	 to	 reach	 a	 colorless	 solution.	 Subsequently,	 the	 solution	 was	
transferred	 into	 a	 100	 ml	 Teflon	 lined	 stainless	 autoclave.	 The	 autoclave	 was	
gradually	heated	to	180	°C	with	the	rate	of	2	°C	/min	and	held	at	this	temperature	
for	 12	 hours.	 After	 cooling	 the	 autoclave,	 the	 colourless	 solution	 changed	 to	 a	
bright	yellow	solution.	The	obtained	solution	was	centrifuged	at	10000	rpm	for	15	
min	 to	 separate	 larger	 particles.	 Finally,	 the	 supernatant	 solution	was	 separated	
from	large	particles	and	used	for	further	analysis.		
Cytotoxicity	measurement	
Dental	 pulp	 stem	 cells	were	 isolated	 from	extracted	 third	molars	 and	 allowed	 to	
proliferate.		Gel	samples	were	exposed	to	UV	radiation	for	sterilization.	Gels	will	be	
placed	into	well	plates	 	Cells	will	be	seeded	onto	well	plates	containing	optimized	
hydrogels	and	cell	proliferation	will	be	monitored	at	3,	7	and	14	days.		
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Figure	1:	The	sample	in	Sol	state	is	placed	into	hot	water	until	gelation	temperature	is	reached	and	sample	is	
converted	to	Gel	state.	The	rheometer	is	used	to	gradually	increase	the	sample	temperature	and	detect	the	precise	
onset	temperature	(T	onset)	by	plotting	complex	viscosity	versus	temperature.		
	
Results	
Preliminary	 results	 indicate	 that	 optimal	 gelation	 temperature	 (30-37	 °C)	 was	
achieved	by	using	2.5%	methylcellulose,	 8.0%	 sodium	chloride	 and	0.05%	carbon	
dots.	As	shown	in	Figure	2,	the	gelation	temperature	was	found	to	be	significantly	
affected	 by	 the	 salt	 temperature.	 The	 gelation	 temperature	 was	 inversely	
proportional	to	the	NaCl	concentration.	There	is	a	linear	relationship	between	the	
gelation	onset	and	the	NaCl	concentration	as	illustrated	in	Figure	3.		
Figure	 4	 displays	 the	 effect	 of	 type	 of	 the	 salt,	 added	 to	 the	 hydrogel,	 on	 the	
gelation	 temperature.	 As	 seen,	 at	 a	 certain	 concentration,	 Na2SO4	 has	 a	 more	
significant	effect	on	the	onset	of	gelation.	However,	it	also	decreases	the	slope	of	
complex	viscosity	 increase	which	is	not	 in	favor	of	formation	of	a	solid	gel	 in	situ,	
once	injected.		
Conclusion	
Cellulose-based	 hydrogels	 incorporating	 carbon	 dots	 can	 be	 considered	 as	 a	
potential	 formulation	 for	 root	 canal	 disinfection.	 Our	 study	 utilizes	 a	 simple,	
inexpensive	approach	 to	 fabricate	 such	an	 injectable	non-cytotoxic	 gel.	However,	
antibacterial	effect	of	 the	gel	yet	needs	to	be	evaluated	and	 is	 the	subject	of	our	
future	studies.	
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Figure	2:	the	effect	of	concentration	of	sodium	chloride	
on	the	gelation	temperature	of	methylcellulose	
	
Figure	 4:	 the	 effect	 of	 type	 of	 the	 salt	
added	to	methylcellulose	on	the	gelation	
	
Figure	 3:the	 onset	 temperature	 of	
methylcellulose	 gelation	 as	 a	 function	 of	
sodium	chloride	concentration	
Figure	 5:	 damping	 factor	 as	 a	 function	 of	 temperature	 at	
different	 frequencies	 for	 optimum	 methylcellulose-sodium	
chloride	mixture;	 the	 gelation	 temperature	 can	 be	 defined	 as	
the	intersection	point	of	all	curves	
50	nm		
Figure	 7:	a	 TEM	 image	of	 agglomerated	
carbon	dots	
	
Figure	 6:	 Carbon	 dots	 sample	 derived	
from	ammonium	citrate	precursor	
	
To	 validate	 the	 gelation	 onset	 measurements,	 the	 gel	 point	 of	 the	 optimum	
formulation,	i.e.	2.5%	methylcellulose/8%	sodium	chloride/0.05%	carbon	dots,		was	
also	determined	using	oscillatory	sweep	measurements.	The	gelation	temperature	
can	be	defined	by	observation	of	a	frequency-independent	value	of	damping	factor	
(tanδ)	 obtained	 from	 a	 multi-	 frequency	 plot	 for	 a	 temperature	 sweep	
measurement	 as	 shown	 in	 Figure	 5.	 The	 gelation	 temperature	 was	 found	 to	 be	
around	 35	 °C	 which	 is	 well	 within	 the	 desired	 range.	 Figure	 6	 and	 7	 exhibit	 the	
synthesized	carbon	dots	and	their	TEM	images,	respectively.	The	spherical	shape	of	
the	particles	as	well	as	their	nanometric	particle	size	range	cab	be	simply	observed.	
Cytotoxicity	 testing	 of	 hydrogels	 is	 being	 conducted.	 Preliminary	 results	 show	
adequate	 proliferation	 of	 dental	 pulp	 stem	 cells,	 indicating	 their	 non-cytotoxic	
nature.	
	
Figure 7 - The effect of type of the salt added to methylcellulose on the gelation 
	 35	
37 °C, as demonstrated by the area where data from multiple frequencies reaches 
intercepting point.  This gelation temperature is well within the desired range.  
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Table 1 - Data using frequency-independent damping factor mode of analysis for 
a 2.5% w/v Methylcellulose/8.0% w/v sodium chloride 
	 36	
   To evaluate gelation, the effect of the addition of carbon dots to the gelation 
range, the formulation of methylcellulose and 50μg/mL of carbon dots were prepared and 
the formulation was evaluated using the shear viscosity (complex component) model on 
Kinexus+ rheometer.  According the data seen in figure 9, the result was not significantly 
affected by carbon dot addition and gel-sol transition occurred around 35 °C. 
 
	
Figure 9 - Gelation temperature utilizing shear viscosity (complex component)(Pa s) 
model after addition of 50μg/mL carbon dots 
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Cell Culture/Cytotoxicity 
 Biocompatibility of fabricated methylcellulose-based hydrogel was measured by 
evaluating cell viability of dental pulpal stem cells. 
 Results were organized in two different plots: the first plot includes grouping by 
sample where as the second plot includes grouping by time point (Figures 9 and 10, 
respectively).  Based on obtained data, the relative concentration of added carbon dots 
(25μg vs. 50μg) did not have a significant effect on DPSC proliferation.  From these 
figures it can be inferred that during the first two days after seeding the cells all four 
groups produced similar results, with cell counts being below 1000 cells.  At day 5 there 
is a significant increase in cell proliferation for the control group (no gel added), while at 
14 days all groups exhibit comparable levels of proliferation. 
 
 
 	
 
 
 
 
Figure 10 - Cell proliferation (grouped by samples) results of dental pulpal stem 
cells (DPSC's) comparing hydrogel preparation with 25μg/mL CD, 50μg/mL CD, 
5% MC/8% NaCl and positive control (no gel) 
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 In contrast to the hydrogel cytotoxicity results, figures 12 and 13 demonstrate that 
the exposure to calcium hydroxide (regardless of the amount and concentration) was 
detrimental to survival of dental pulp stem cells when compared to a control group.  Once 
again, results of the calcium hydroxide test have been plotted both by time points and by 
sample.  The cell proliferation counts stayed consistently low for all of the calcium 
hydroxide samples (approximately around 500 cells) for the entire duration of experiment 
(14 days).  The cell proliferation levels of control group reached highest levels at day 5 
and slightly decreased by day 14.  This is likely due to reaching 100% confluence and not 
having any more room to proliferate. 
 
 
Figure 11 - Cell proliferation (grouped by time interval) results of dental pulpal 
stem cells (DPSC's) comparing hydrogel preparation with 25μg/mL CD, 50μg/mL 
CD, 5% MC/8% NaCl and positive control (no gel) 
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Figure 12 - Cell proliferation (grouped by time interval) results of dental pulpal 
stem cells (DPSC's) comparing calcium hydroxide preparations with .15g, .10g, .05g 
and positive control (no calcium hydroxide) 
 
 
	
Figure 13 - Cell proliferation (grouped by calcium hydroxide amount) results of 
dental pulpal stem cells (DPSC's) comparing calcium hydroxide preparations with 
.15g, .10g, .05g and positive control (no calcium hydroxide) 
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CHAPTER 5 
DISCUSSION 
 The primary objective of the present study was to design an injectable, 
thermoreversible hydrogel for potential use in endodontics.  This hydrogel was 
incorporated with carbon dots, a novel nanoparticle that has not been evaluated for use in 
dentistry.  Secondarily, the biocompatibility of such formulation was to be studied by 
evaluating the proliferation of dental pulpal stem cells when exposed in direct contact to 
the hydrogel.  This was done in comparison to exposure of cells to Ultracal XS, a 
commonly used inter-appointment endodontic calcium hydroxide medicament.  The 
ultimate goal is to open the possibility of using such novel materials in regenerative 
endodontic procedures. 
 The proposed hypothesis that the formulated hydrogel with carbon dots allows 
dental pulpal stem cells to successfully proliferate was supported by the experimental 
findings.  The ability to safely utilize this material within the prepared canal space of 
human teeth opens the possibility to multiple future research projects. 
 A thermo-reversible hydrogel was fabricated using carboxy-methylcellulose 
powder dissolved in de-ionized water.  The effect of addition of various salts to the 
hydrogel and its effect on gelation temperatures were studied through use of a rheometer.  
The goal was to fabricate an injectable hydrogel that would initially be maintained in a 
liquid (sol) state and shift to a more solid (gel) state once it reaches approximate body 
temperature.  From a clinical perspective, creation of such material would allow the 
clinician to directly inject the hydrogel into a physiologic space (e.g. pulp canal space) 
	 41	
which would then solidify upon reaching physiologic body temperature and would not be 
washed away.  This was accomplished by using a concentration of 8.0% w/v sodium 
chloride and 2.5% w/v methylcellulose as confirmed by analyzing the complex shear 
viscosity as a function of temperature. 
 Carbon dots, a subclass of graphene quantum dots, were prepared using 
ammonium citrate precursors and functionalized by spermidine molecules for surface 
added amine groups.  In theory, such amine groups would contribute to the antibacterial 
function of the material.  However, within the scope of this study, the antibacterial 
property of formulated carbon dots was not investigated.  Once prepared, the carbon dots 
were added to the hydrogel formulation and the gelation temperature of the resulting 
material was once again confirmed using rheometry. 
 To test the relative biocompatibility of the resulting hydrogel after the addition of 
carbon dots, a series of experimental plates were set up with viable dental pulpal stem 
cells.  Hydrogels with varying carbon dot concentrations and calcium hydroxide were 
added to the experimental wells and cell survival was measured and compared between 
the samples at varying time intervals. 
 The formulated hydrogel can potentially be used in regenerative endodontics as a 
scaffold material.  In this study, carbon dot nanoparticles were added to the hydrogel.  
Their use in context of endodontic therapy has not been investigated.  A multitude of 
biomaterials can be introduced and studied due to ability to characterize and functionalize 
carbon dot nanoparticles.  For purposes of endodontic studies, where disinfection of 
infected root canal system is paramount, antibiotic conjugates would be extremely 
beneficial to treatment of pulpal pathology.  In the context of regenerative endodontics, 
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the ability to add crucial tissue engineering components (growth factors, stem cells, etc.) 
to a formulated hydrogel would potentially make the clinical procedure more predictable 
and not rely on recruitment of autologous cells from the patient/host.  Current 
regenerative endodontic treatment protocol relies on intracanal irrigants and medicaments 
to disinfect the canal space, followed by introduction of growth factors, scaffold and stem 
cells.  The procedure is typically performed in two or more visits with effort to promote 
further root formation and maintaining function in young dentition.  Since the procedure 
is typically performed in a pediatric population where behavior management and patient 
anxiety are a concern, a single-visit protocol would be advantageous for the patient’s 
experience.  It is the hope that this current study provides a stepping stone towards the 
development of a more ideal material which would provide a safely administered 
disinfecting effect while also serving as a scaffold and carrier of tissue engineering 
components. 
 As is the case with many studies, this present study has multiple limitations and 
leaves many unanswered questions.  Despite shedding light on the effect of fabricated 
hydrogel on survival and proliferation of dental pulpal stem cells, many other cells would 
need to be tested to further understand these effects and make the material applicable for 
use in regenerative endodontic procedures.  These cells include PDL cells and stem cells 
of apical papilla, among others.  The next obvious question that needs to be answered is 
how the proposed hydrogel would interact with endodontic bacteria and the bacterial 
byproducts and virulence factors.  As mentioned previously, the hydrogel can, 
theoretically, be characterized with antimicrobial products and medicaments.  To this 
day, certain endodontic pathogens remain notoriously resistant to utilized medicaments 
	 43	
and irrigants, largely due to their biofilm organization.  Therefore, investigation of new 
materials is encouraged. 
 Another important aspect to consider is interaction between hydrogel and dentinal 
surface.  The eroding nature of both sodium hypochlorite and EDTA have been 
extensively studied and evaluated; the evaluation of hydrogel in this respect is imperative 
to evaluation of safety of this material to study the weakening effects it may have on 
natural tooth structure. 
 Methylcellulose was selected for the present study due to its abundance, ease of 
fabrication and favorable gelation properties.  However, many other materials are 
available and can be investigated for fabrication of injectable hydrogels, each with their 
unique chemical and physical properties, advantages and disadvantages.  Additionally, 
multiple ways exist for fabrication of graphene carbon dots with the possibility to 
creating nanoparticles of different sizes.  Such variability should be considered in terms 
to addition to hydrogels, antibacterial properties and biocompatibility. 
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CHAPTER 6 
CONCLUSION 
 Within the constraints and limitations of this study, the use of cellulose-based 
hydrogels and carbon dot nanoparticles should be considered as a biocompatible material 
when exposed to dental pulpal stem cells.  It is the hope of authors and researchers 
involved in this project that these findings pave the road to further investigation and 
provide a stepping stone towards potential use of injectable hydrogels in dentistry and, 
more specifically, in endodontics. 
 From this study, the following conclusions can be made: 
1. An injectable hydrogel with gelation range within a physiologic range can be 
fabricated by using a gel solution of 2.5% w/v carboxy-methylcellulose and 8.0% 
w/v sodium chloride. 
2. The methylcellulose/sodium chloride/50μg/mL carbon dots hydrogel allows for 
adequate proliferation of dental pulpal stem cells when compared to calcium 
hydroxide product Ultracal XS. 
3. The finalized hydrogel should be evaluated by further studies in an effort to create 
a new material for use in regenerative endodontics.  
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